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ADDITIONAL STUDIES OF EXTERNALLY BLOWN FLAP NOISE 

Martin R. Fink 
United Technologies Research Center 

East Hartford, Connecticut 

SUMMARY 

Crosscorrelations were obtained among surface pressures on both s ides  of 
external ly  blown f l a p  models and f a r - f i e ld  acoustic pressures. 
conducted with both under-the-wing and upper -surface-blowing configurations. 
For both types of configurations a t  small deflection, t he  crosscorrelations 
showed t h a t  convection of j e t  exhaust turbulence t o  the t r a i l i n g  edge produces 
sound waves of opposite phase above and below the f lap .  These waves t r a v e l  
forward along t he  a i r f o i l  and outward t o  the  far f i e ld .  For under-the-wing a t  
la rger  f l a p  def lect ion,  dipole sound i s  generated by convection of turbulence 
past  the forward par t  of the  f lap .  
the f l a p  upper surface, with opposite phase t o  the sound waves moving below 
the  f l ap  toward the  f a r  f i e l d .  These r e su l t s  s l i g h t l y  modify the concept of 
trail ing-edge aril l i f t - f luc tua t ion  surface radiat ion processes. 

Tests were 

This sound propagates downstream along 

Forward f l i g h t  e f fec ts  on external ly  blown f l a p  noise were evaluated a t  
r a t i o s  of wind tunnel veloci ty  t o  exhaust je t  veloci ty  from 0 t o  1/2 i n  
increments of 1/8. Prof i les  of mean veloci ty  and turbulence l eve l  were 
obtained along with surface pressure spectra and fa r - f ie ld  acoustic spectra. 
The surface-radiated portion of fa r - f ie ld  noise spectra was found t o  be 
predicted from spectra measured a t  zero tunnel speed by decreasing the  
amplitude and increasing the frequency. 
speed e f f ec t s  on external ly  blcrwn f l a p  spectra and overa l l  sound pressure 
leve ls  agree with available data. 

The resul t ing predictions of forward 

Free-field d i r e c t i v i t y  and spectra of large external ly  blown f l a p  config- 
urations were compared with predictions by the noise component method pre- 
viously developed under t h i s  contract  and with predictions by other methods. 
Good agreement was obtained with the noise component method for  a mixer 
nozzle and two-flap under-the-wing configuration, a turbofan engine and three-  
f l a p  under-the-wing configuration, and a turbofan engine with an upper- 
surface-blowing canted nozzle and short  f lap .  
noise measured with an apper-surface-blowing c i rcu lar  nozzle, def lector ,  and 
long f lap.  

A l l  methods underpredicted the 
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SYMBOLS 

a Speed of sound, m/sec 

C A i r f o i l  chord, m 

f Frequency, Hz 

H Ratio of a i r f o i l  half  -chord t o  acoustic wavelength 

R 

tff 

U '  

U 

V 

Vi 

V i a  

vJ 

Far f i e l d  distance,  m 

Time for  an acoust ic  wave t o  t r a v e l  from the t r a i l i n g  edge t o  an 
a i r f o i l  surface posit ion,  sec 

Time fo r  a turbulent eddy t o  be convected from an a i r f o i l  surface 
posi t ion t o  the  t r a i l i n g  edge, sec 

Time fo r  an acoustic wave t o  t r a v e l  from the a i r f o i l  t o  the  far 
f i e l d ,  see 

Root mean square f luc tua t ion  of veloci ty  i n  mean flow direct ion,  
m/sec 

Exhaust j e t  veloci ty ,  m/sec 

Local mean veloci ty ,  m/sec 

Impingement veloci ty ,  m/sec 

Impingement veloci ty  a t  zero f l i g h t  speed, m/sec 

Exhaust je t  veloci ty ,  m/sec 

Wind tunnel velocity,  m/sec VO 

X Chordwise distance from leading edge, m 

6 Exhaust j e t  def lect ion angle, deg 

e Azimuthal angle from upstream di rec t ion  i n  flyover plane, deg 

4 Wasurement d i rec t ion  angle r e l a t ive  t o  s ide l ine  plane, deg 
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INTRODUCTION 

For the pas t  th ree  years,  an ana ly t ica l  and experimental study of turbo- 
machinery s t r u t  noise and ex terna l ly  blown f l a p  noise has been conducted f o r  
NASA Lewis Research Center.  The basic approach of t h i s  study i s  t h a t  noise 
from such configurations can be represented by a sum of noise generated by 
several  simple aeroacoustic mechanisms. Investigations of these individual 
noise components for  external ly  blown f l a p  (EBF) configurations , conducted 
under t h i s  contract ,  were reported i n  references 1-4. 
nent methods have been developed by McKinzey (reference 5)  and Reddy, e t  a1 
(reference 6 ) .  
the EBF noise components. 
components was shown i n  reference 3 t o  give good t o  fa i r  prediction of 
acoustic data fo r  fourteen small under-the-wing and upper surface blowing 
models tes ted  by NASA Lewis  Research Center a t  zero f l i g h t  speed, 
description of the major EBF noise components was obtained, addi t ional  cross- 
correlat ion measurements could be formulated t o  examine these assumed 
processes. 

Other EBF noise compo- 

Those s tudies  gave strong but not conclusive indication of 
A semi-empirical prediction method based on those 

After a 

Two deficiencies of the EBF noise prediction method given i n  reference 3 
were the absence of an experimentally j u s t i f i e d  procedure for  calculating the 
e f f ec t  of f l i g h t  speed and the lack of comparisons with acoust ic 'data  for  
large-scale models. The invest igat ion described herein therefore comprises 
(1) crosscorrelation s tudies  of both under -the-wing and upper -surface -blowing 
EBF noise mechanisms, (2)  experimental studies of forward f l i g h t  e f fec ts  on 
loca l  flow properties and noise radiat ion from simple EBF models, and formula- 
t i o n  of a method for calculat ing forward f l i g h t  e f f ec t s  on EBF noise, and 
(3) comparison of measured and predicted EBF noise fo r  nominal half-scale and 
fu l l - sca le  configurations a t  zero f l i g h t  speed. The obvious next s tep,  a 
comparison of measured and predicted EBF noise f o r  fu l l - sca le  configurations 
over a range of f l i g h t  speed, could not be done because such t e s t s  have not 
been conducted. 

Task VI11 of the subject  Contract ms3-17863 comprised the portion of 
t h i s  report  e n t i t l e d  "CROSSCOR.RELATI0N STUDY OF EBF NOISE MECWISMS" . 
Tasks I X  and X, t e s t s  of forward f l i g h t  e f fec ts  on short-chord and long-chord 
models, a r e  both described i n  the sections en t i t l ed  "Method of Approach", 
"Apparatus and Procedure" and "Evaluation of Forward Fl ight  Effects" within 
"FORWARD FLIGHT EFFECTS ON EBF NOISE". 
e n t i t l e d  "Prediction of Forward Fl ight  Effects" within "FORWARD FLIGHT EFFECTS 
ON EBF NOISE". 
report  e n t i t l e d  "COMPARISONS OF MEASWD AND PREDICTED EBF NOISE FOR URGE-  
SCAU MODELS". 

Task X I  i s  reported i n  the  section 

The r e s u l t s  of Task XI1 are given i n  the  portion of t h i s  
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CROSSCOBRELATION STUDY OF EBF NOISE MEXXANISMS 

Apparatus and Procedure 

Nozzle and Ai r fo i l  Model 

Clean dry air  fo r  j e t  exhaust tests was obtained from a large air storage 
system a t  2-7 x 103 kN/m2 (400 lb/in.2) nominal supply pressure. 
passed through flow control valves, f l o w  s t ra ighteners ,  noise mufflers, and a 
s t r a igh t  pipe. 
2.9 m (9.5 f t )  long and had an 0.15 m (6 in . )  inside diameter. It ended a t  a 
f i t t i n g  tha t  provided smooth t r ans i t i on  t o  an 0.049 m (1.925 in.) e x i t  
diameter axisymmetric nozzle contoured t o  g ive  uniform e x i t  flow. The pipe 
passed in to  an anechoic chamber and was aimed a t  a door i n  t h i s  chamber. 
door was opened t o  allow undisturbed e x i t  of the j e t ,  The nozzle centerline 
was 1.07 m (42 in . )  above the  t i p s  of t he  f loor  anechoic wedges. 
data obtained with the nozzle and t e s t  arrangement have been shown (reference 
1) t o  agree with predictions by standard methods. 

This air  

The s t r a igh t  pipe downstream of the  mufflers was approximately 

This 

Jet noise 

Exhaust veloci ty  was defined a s  t h a t  for  isentropic expansion from the 
stagnation pressure and temperature measured near the  s t a r t  of t h e  s t ra ight  
pipe t o  a s t a t i c  pressure equal t o  ambient pressure i n  the chamber. 
temperatures for these tests generally ranged from about 4 C t o  10 C (40 F t o  
50 F) as  did the s t a t i c  temperature within the anechoic chamber. Velocity was 
set by maintaining the  difference between stagnation pressure and atmospheric 
s t a t i c  pressure a t  predetermined values within about 2.5 mm (0.1 i n . )  of water 
a t  pressure differences l e s s  than about 16 W/m2 (70 in.  of water) and about 
2.5 mm (0.1 in . )  of mercury a t  larger  pressure differences.  
of 125 and 250 m/sec (410 and 820 f t / s ec )  were used i n  t h i s  test  program, 

Stagnation 

Exhaust ve loc i t ies  

Externally blown f l aps  were simulated by in s t a l l i ng  a s ingle  unslotted 

It has 23 cm (9 in . )  chord, 53 cm (21 in . )  span, and an 
a i r f o i l  s l i g h t l y  downstream of the j e t  exhaust nozzle. 
shown i n  f igure  1. 
NACA 0018 a i r f o i l  section. 
could be moved manually within keyhole-shaped s l o t s  t h a t  extend t o  the  a i r f o i l  
surface. A 0.635 cm (1/4 in . )  flush-mounted microphone with i t s  right-angle 
adaptor and preamplifier could be contained,within each s l i d e r  and traversed 
along the  a i r f o i l  span. Four fixed flush-mounted microphones were in s t a l l ed  
i n  a chordwise row a t  one-third span and 20, 38, 62, and 80% chord. 
number of ac t ive  microphones was limited by space available for cables and 
preamplifiers,)  The exhaust nozzle center l ine was a t  the spanwise posit ion of 
the fixed microphones. 
t h i s  phase of the t e s t s .  
c i r c u i t  pressure transducers having an 0.22 cm (0.085 in .  ) act ive diameter 
were in s t a l l ed  on the  opposite surface from the fixed microphones a t  the same 

This a i r f o i l  model i s  

Sliders a t  30% and 70% chord within the  model 

(The 

The two s l i d e r  microphone posit ions were not used i n  
Small pressure-sensitive semiconductor integrated 
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four chordwise locations.  
0.635 em (0.25 i n . )  wide, 1.40 cm (0.55 in . )  long, and 0.99 cm (0,035 in . )  
deep, 
the gage active surface f lush with t h e  surface. Wires from each gage were led 
through holes i n  the a i r f o i l  and were brought out the end of the a i r f o i l  along- 
s ide the  microphone cables. The s t e e l  baseplates could be pried away from the  
cement without damages t o  the gage. 

Each gage was mounted i n  a recessed steel baseplate 

These baseplates were cemented i n t o  s l o t s  i n  the a i r f o i l  surface, with 

The a i r f c i l  was mounted between c i rcu lar  endplates and could be 
rotated about 3% chord within a support stand. 
under-the-wing external ly  blown f lap ,  the leading edge a t  zero def lect ion was 
2.5 cm (1.0 in . )  beneath and 2.5 cm (1.0 in . )  downstream of the l i p  of a 4.9 
cm (1.925 in . )  diameter convergent nozzle. A i r f o i l  posit ion r e l a t ive  t o  the  
nozzle i s  sketched i n  figure 2 for  9 O  and 30° deflection. 
surface was i n  l i n e  with the nozzle l i p  where pressure fluctuations would be 
la rges t .  The larger  angle placed the a i r f o i l  t r a i l i n g  edge i n  l i n e  with the 
nozzle opposite l i p .  
face blowing) external ly  blown f lap ,  the  leading edge a t  zero def lect ion was 
2.5 cm (1.0 in . )  above and 2.5 cm (1.0 i n , )  downstream of the  nozzle l i p .  
f o i l  posit ion r e l a t ive  t o  the nozzle for  t h i s  i n s t a l l a t ion  i s  sketched i n  
figure 2 for 9 O  deflect ion angle. 
t he  j e t  as deflection angle was increased, the j e t  became s p l i t  between the 
a i r f o i l  surfaces a t  larger  def lect ion angles and did not properly simulate an 
upper surface blowing in s t a l l a t ion .  Data were not taken a t  those larger  angles. 

For t e s t s  representing an 

A t  9 O  the  scrubbed 

For t e s t s  t ha t  represented an over-the-wing (upper s u r -  

A i r -  

Because the a i r f o i l  leading edge moved i n t o  

Acoustic Instrumentation 

Far-field noise spectra,  and surface pressure spectra on the a i r f o i l  
surface opposite from the  nozzle, were measured with commercially avai lable  
0.635 cm (1/4 i n . )  condenser microphones. 
phones t o  pressure f luctuat ions i s  f la t  from 6 Hz t o  20,000 Hz. Free-field 
d i r e c t i v i t y  corrections a t  grazing (90') incidence a re  l e s s  than 0.2 dB a t  
frequencies t o  16,000 Hz and about 0.5 dB a t  20,000 Hz without the  protecting 
gr id .  
out the protecting grid.  
f o i l  models as sketched i n  f igure 1, right-angle adaptors were used. 
microphone and adaptor was clamped i n  a bracket t h a t  was attached t o  the a i r -  
f o i l  by s e t  screws. 
microphone diaphragm with the  a i r f o i l  surface. 

Frequency response of these micro- 

Far-field microphones were oriented a t  grazing incidence and used with- 
To permit f lush mounting the microphones i n  the  a i r -  

Each 

These s e t  screws were adjusted t o  opt ica l ly  a l ine  the  

Atmospheric attenuation of the fa r - f ie ld  acoustic data was calculated as 
about 0.1 dB a t  10 k€iz and 0.4 dB a t  20 kHz . 
approximately equal and opposite t o  t h a t  fo r  f ree- f ie ld  d i r e c t i v i t y  of the 
microphones, no corrections were applied t o  the measured spectra.  

Because t h i s  correction i s  

Far - f ie ld  sound pressure levels  and surface pressure f luctuat ion levels ,  
c i ted  herein a s  SPL and surface SPL, respectively, were measured i n  decibels 
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referenced t o  2 x newtons per square meter (2 x microbar). A l l  
microphones were cal ibrated daily with a 250 Hz pistonphone. 

Far-field microphones were located a t  three posi t ions on an a r c  of 2.14 m 
(7 f t )  radius i n  a ve r t i ca l  plane through the  j e t  nozzle center l ine.  
microphones were a t  600, go0, and 120' angular posi t ion r e l a t i v e  t o  the nozzle 
center l ine.  
plane. 

The 

The microphone a r c  was centered a t  t he  middle of t he  nozzle e x i t  

Crosscorrelations 

General Discussion 

Crosscorrelation of acoustic signals can provide several  kinds of infor-  

Normalized peak amplitude of a crosscorrelation w i l l  show whether the 
mation about the re la t ionships  between surface and f a r  f i e l d  acoustic pres- 
sures.  
two measured quanti-l;ies were associated w i t h  the same noise mechanism. U s e  of 
only the peak amplitude, without regard t o  delay time or crosscorrelation s ig-  
n a l  shape, has a major disadvantage. It cannot dis t inguish between pressures 
tha t  are re la ted  because one s igna l  is i n  an acoustic source region and the 
other i n  an acoustic radiat ion f i e l d ,  or pressures which a r e  re la ted  because 
both s ignals  include an acoustic f i e l d  radiated from some other location. 

A s  shown by Siddon (reference 7 ) ,  surface-radiated noise source s t rength 
can be determined from the crosscorrelat ion slope a t  a par t icu lar  delay time. 
Crosscorrelation slope cannot be measured accurately,  fo r  the near f u l l  sca le  
exhaust ve loc i t ies  and small model s izes  used i n  EBF tests,  unless  long data 
sampling times appropriate t o  short  time in te rva ls  are  used. The surface 
d is t r ibu t ion  of dipole s t rength,  and therefore the location of noise sources, 
can be measured i f  a su f f i c i en t ly  large number of surface transducer loca- 
t ions  a re  avai lable .  Unfortunately, it may be impractical t o  i n s t a l l  
su f f i c i en t  transducers t o  measure the dipole source locations when several  
noise mechanisms occur simultaneously. 

This approach can be generalized by recognizing tha t  maximum dipole source 
s t rength i s  associated (reference 7) with maximum slope of the crosscorrelation. 
The sign of t h i s  slope depends on the  expected phase between the surface and 
f a r - f i e ld  posit ions.  Thus the  delay time a t  which maximum slope occurs can be 
plot ted against  streamwise distance.  
which gives a delay time equal t o  the far f i e l d  acoustic propagation time then 
i s  the source location. 
of ten indicate  whether one s igna l  i s  par t  of the  dipole noise-radiating surface 
that produced the  sound measured by the  other signal,  or whether both s ignals  
a r e  sound waves radiated from a source located elsewhere. 

The extrapolated or interpolated posi t ion 

Also, the shape of the crosscorrelation curve can 
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Some of these features  a re  shown i n  f igure 3 .  The test configuration, 
sketched i n  the  upper pa r t  of the  f igure,  has an exhaust j e t  scrubbing an 
a i r f o i l  lower surface. Acoustic pressures are measured by transducers a t  the  
same chordwise posi t ion on both the  upper and lower surface and i n  the far 
f i e l d  below the  a i r f o i l .  Three important times are defined by t h i s  geometry. 
The eddy convection time tc i s  the  time required f o r  a turbulent eddy t o  be 
convected within the attached exhaust j e t  from the transducer t o  the t r a i l i n g  
edge. The surface acoustic time ta  i s  the  time for  an acoustic wave t o  %ravel 
from the t r a i l i n g  edge t o  the upper-surface tranducer. The fa r - f ie ld  acoustic 
time tff i s  the  time required for a sound wave t o  t r ave l  from any point on the 
a i r f o i l  t o  t he  f a r  f i e l d  microphone. It i s  assumed tha t  the fa r - f ie ld  micro- 
phone i s  on a l i n e  approximatdly perpendicular t o  the a i r f o i l  chord and a t  a 
large distance r e l a t ive  t o  the chord, so tff i s  independent of transducer 
chordwise posit ion.  

Crosscorrelations between each of the  two surface pressures and the far- 
f i e l d  acoustic pressure a re  sketched for  two possible noise mechanisms. 
center par t  of the  f igure shows the signals expected for noise caused by 
f luctuat ions of a i r f o i l  lift. 
exhaust je t  turbulence then i s  assumed t o  resemble tha t  fo r  an a i r f o i l  immersed 
i n  a turbulent airstream. Each signal has the antisymmetric shape expected 
(references 7and 8 )  fo r  dipole noise. The crosscorrelation from the  lower 
surface t o  the far f i e l d  has a posi t ive peak followed by a negative peak. 
Crosscorrelation from the upper surface t o  the  far f i e l d  has a negative peak 
followed by a posi t ive peak. 
absolute value of the  slope. This crossing occurs when the surface s ignal  i s  
delayed by the f a r - f i e ld  acoustic time tff re l a t ive  t o  the fa r - f ie ld  signal.  
Such behavior occurs because the pressure fluctuations on both the upper and 
lower surface a r e  d i r e c t l y  proportional i n  magnitude, but opposite i n  sign, t o  
the l i f t  force f luctuat ion which causes the noise. 

The 

The l i f t  force response of the a i r f o i l  t o  the  

Both signals cross a t  zero amplitude and m a x i m u m  

The lower pa r t  of f igure 3 shows crosscorrelations for t r a i l i n g  edge noise 
t h a t  i s  generated by exhaust-jet turbulence convected past  the t r a i l i n g  edge. 
If a pressure transducer could be in s t a l l ed  on the a i r f o i l  lower surface very 
near the t r a i l i n g  edge, i t s  cross correlat ion with the f a r  f i e l d  would be 
iden t i ca l  t o  t h a t  shown above for  f luctuat ing l i f t  noise. For a more prac t ica l  
location upstream of the  t r a i l i n g  edge, the transducer would sense the  turbu- 
lence pressure f i e l d  a t  a time tc before each turbulent eddy reaches the  t ra i l -  
ing edge and generates noise. The crosscorrelation between the a i r f o i l  lower 
surface and the  f a r  f i e l d  then has a posi t ive peak followed by a negative peak; 
it crosses through zero a t  a delay t i m e  tff + tc, the  sum of the  fa r - f ie ld  
acoustic time and the eddy convection time. 

The resu l t ing  t r a i l i n g  edge noise i s  radiated above and below the a i r f o i l  
Sound waves which originated a t  the t r a i l i n g  edge a t  t he  with opposite phase. 

same time would reach the  upper-surface transducer a f t e r  traveling for  the 
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surface acoustic time ta and would reach the fa r - f ie ld  microphone after the  
fa r - f ie ld  acoustic t i m e  tff. 
as  a dotted l i n e  i n  the lower p a r t  of f igure 3,  has a negative peak (opposite 
phase) a t  a delay time tff - ta .  
turbulence convected along the  wing upper surface as with an upper-surface- 
blowing external ly  blown f l ap ,  each s ignal  would be tha t  shuwn fo r  the opposite 
surface but reversed i n  sign. That is, t he  crosscorrelation from upper surface 
t o  f a r  f i e l d  would have a negative peak followed by a posi t ive peak, bracketing 
a zero crossing a t  time tff + tc. 
f a r  f i e l d  would have a posi t ive peak a t  time tff - ta. 

The crosscorrelation of those two s ignals ,  shown 

If  the  trailing edge noise was caused by 

The crosscorrelation from lower surface t o  

No matter which s ide the exhaust j e t  i s  located, crosscorrelations between 
the  upper and lower surface a t  the same chordwise posi t ion should show t r a i l i n g  
edge noise as a negative peak followed by a posit ive peak, with the  zero cross- 
ing a t  delay time tc + ta.  

Under -the -Wing, 9 Deflection 

This  configuration was taken as a reasonable s t a r t i n g  point because i t s  
noise processes a re  f a i r l y  simple. Overall sound pressure levels  were expected 
t o  be dominated by t r a i l i n g  edge noise. 
measured a t  the  same chordwise posit ion on the  a i r f o i l  upper and lower surfaces 
a re  given i n  figure 4. 
veloci ty  and 62% chord, shown i n  figure 4(a), are  typ ica l  of those fo r  the 
three forward positions. Crosscorrelations had near zero amplitude a t  zero 
delay t i m e ,  and changing the veloci ty  changed the  sign of the slope. Therefore 
the surface pressures were not dominated by a l i f t - f luc tua t ion  type of loading. 
These crosscorrelations had an approximately antisymmetric shape, with a 
negative peak a t  small delay time of the lower-surface s ignal  followed by a 
posi t ive peak a t  larger times. The posi t ive delay t i m e ,  and posi t ive slope a t  
zero amplitude, correspond t o  production of an upper-surface acoustic pressure 
by a lower-surface turbulence pressure. Doubling the exhaust veloci ty  reduced 
the zero-amplitude delay time by l e s s  than half .  
by the sum of t h e  eddy convection time tc and the surface acoustic time ta  
defined i n  the upper par t  of f igure 3. 

Crosscorrelations of pressure signals 

The erosscorrelator t races  for 125 and 250 m/sec exhaust 

These delay times a re  given 

Crosscorrelations a t  80% chord, shown i n  figure 4(b), had an approximately 
symmetric shape dominated by a posi t ive peak a t  pos i t ive  delay t i m e .  
probable t h a t  the important feature  of these t races  i s  the posit ive slope and 
zero amplitude a t  small posi t ive delay t i m e .  
posi t ive peak a t  larger  time (related pressure s ignals  of the  same sign on both 
t h e  upper and lower surface) and the negative peak a t  zero delay time ( l i f t  
f luctuat ion caused by convection turbulence) a t  one but not both ve loc i t ies  
a r e  not consistent with the t r a i l i n g  edge noise process. 

It i s  

Alternate features  such a s  the  
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Maximum values of normalized crosscorrelation coeff ic ient  a r e  plotted i n  
f igure 5. 
signal,  divided by the  square root  of t he  product of the  two autocorrelations 
evaluated a t  zero delay time. 
configuration, showing microphones located i n  the f a r  f i e l d  and a t  the  same 
chordwise distance on both the upper and lower surface, i s  sketched i n  f igure 
5(a) .  
f o i l  upper and lower surfaces decays with distance from the  t r a i l i n g  edge and 
decreases with increasing exhaust velocity.  The sol id  curves were calculated 
as an exponential decay fo r  which the  argument of the exponential varies 
d i r e c t l y  with distance from the  t r a i l i n g  edge and inversely wi th  velocity,  
exp ( -K(l-x/c)/UJ). These curves approximately match the data.  Measured 
normalized crosscorrelation coeff ic ients  between the far f i e l d  and the a i r f o i l  
lower surface, given i n  f igure 5(c) ,  a r e  a l so  matched by the same sol id- l ine 
exponential decay. 
t he  a i r f o i l  upper surface a r e  given i n  figure 5(d). 
slowly a s  distance from the  t r a i l i n g  edge t o  the upper-surface pressure 
transducer was increased, u n t i l  the leading edge was approached. Such r e su l t s  
would occur i f  both the fa r - f ie ld  acoustic pressures and the upper-surface 
near-field pressures were generated by turbulence occurring near the a i r f o i l  
lower -surface t r a i l i n g  edge. 

This quantity i s  t h e  maximum absolute value of the  crosscorrelation 

It can vary between zero and one. The t e s t  

As shown i n  f igure 5(b), normlized crosscorrelation between the  a i r -  

Crosscorrelation coeff ic ients  between the far f i e l d  and 
These coeff ic ients  decayed 

Delay times a t  which s igni f icant  events occurred i n  crosscorrelations 
between the  f a r  f i e l d  and a i r f o i l  surfaces a re  plotted i n  f igure 6. Times a t  
which zero amplitude and large negative slope occurred i n  the crosscorrelations 
between the  lower surface and f a r  f i e l d  are given i n  figure 6(a). This feature  
of a crosscorrelation corresponds t o  acoustic radiat ion from a surface d i r e c t l y  
facing the f a r  f i e l d .  
posit ions and two exhaust ve loc i t ies  were given by the sum of the eddy convec- 
t i on  t i m e  and the  f a r - f i e ld  acoustic time. 
bances were convected t o  the neighborhood of the a i r f o i l  t r a i l i n g  edge and then 
caused noise radiat ion.  

Delay times f o r  measurements a t  the  four chordwise 

That i s ,  surface pressure d i s tu r -  

It was not obvious what event should be taken as s ignif icant  for  cross- 
correlat ions between the upper surface and f a r  f i e l d .  Times for both peak 
posit ive and peak negative amplitude are  shown i n  f igure 6(b).  The time for  
posit ive peaks was approximately given by the  sum of fa r - f ie ld  acoustic time 
and the  time required for an acoustic wave t o  t r a v e l  from the  leading edge t o  
t h e  surface posit ion.  No acoustic process was envisionedthat would cause 
t h a t  time delay for  acoustic waves having the  same sign on both the  a i r f o i l  
upper surface and the f a r  f i e l d  beneath the lower surface. Zero amplitude 
and posi t ive slope, which corresponds t o  dipole noise radiat ion,  would occur 
roughly midway between the two peaks a t  approximately the f a r - f i e ld  acoustic 
time. However, these times c lear ly  increased a t  a slope corresponding t o  
chordwise t r a v e l  of an acoustic wave. 
of the other data i s  that the delay times a t  peak negative amplitude a re  

The in te rpre ta t ion  consistent with a l l  
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given by the far-field acoustic time minus the  time for  a sound wave t o  
t r a v e l  upstream from the t r a i l i n g  edge. These times were approximately 
independent of exhaust velocity.  
which has opposite sign (negative crosscorrelation amplitude) above and below 
the  a i r f o i l .  
def lect ion under-the-wing configuration show t h a t  overal l  noise was dominated 
by t r a i l i n g  edge noise. 

They correspond t o  t r a i l i n g  edge noise, 

Therefore, a l l  features of the crosscorrelations fo r  a small- 

Upper-Surface-Blowing, 9O Deflection 

Crosscorrelations among surface pressures measured a t  8% chord on both 
the upper and lower surface, and f a r  f i e l d  acoustic pressure, a r e  given i n  
f igure 7 fo r  the upper-surface-blowing configuration. The t e s t  configuration 
i s  sketched i n  the  upper r igh t  portion of the f igure.  
between the lower surface and far f i e l d  are shown i n  f igure 7 (a )  for  125 and 
250 m/sec exhaust veloci t ies .  These approximately symmetric peaks represent 
noise having the same phase and reaching the far f i e l d  a f t e r  it reached the 
a i r f o i l  lower surface. 

Crosscorrelations 

Crosscorrelations between the  upper surface and f a r  f i e l d ,  given i n  
figure 7(b) ,  c l ea r ly  have an antisymmetric shape. 
posit ive slope occurred a t  a s l i g h t l y  larger  t i m e  for 125 m/sec than for  250 
m/sec velocity.  
along the upper surface and causing downward-radiated noise of opposite sign 
when it reaches the  t r a i l i n g  edge. 
lower surfaces, given i n  f igure 7 (c ) ,  i s  antisymmetrical. Delay time a t  zero 
amplitude and m a x i m u m  posi t ive slope were small and were approximately halved 
by doubling the  exhaust velocity.  
edge noise caused by upper-surface f l o w .  

Zero amplitude and maximum 

This shape can be recognized as  tha t  for  turbulence convected 

The crosscorrelation between upper and 

This result i s  consistent with t r a i l i n g  

Crosscorrelations between the a i r f o i l  lower surface and far f i e l d  a re  
shown i n  f igure 8 fo r  a l l  chordwise locations and both ve loc i t ies .  
shapes could not be e a s i l y  categorized a s  e i the r  symmetric or antisymmetric. 
Peak posi t ive amplitude occurred a t  a delay time t h a t  increased a s  chordwise 
distance from the leading edge increased. These times were l e s s  than the f a r  
f i e l d  acoustic travel t i m e .  
slope increased above th i s  t r a v e l  t i m e .  
f i e l d  and the upper-surface microphones a t  38% and 62% chord were e r r a t i c  due 
t o  intermit tent  e l e c t r i c a l  faults i n  those surface pressure transducers. The 
semiconductor diaphragms apparently were damaged by small pa r t i c l e s  within the 
exhaust j e t .  Crosscorrelations between the f a r  f i e l d  and the  two i n t a c t  
upper surface microphones were antisymmetric with pos i t ive  slope a t  zero 
amplitude, a s  expected fo r  fa r - f ie ld  noise caused by turbulence near a surface. 

These 

Delay times f o r  zero amplitude and large negative 
Crosscorrelations between the far- 
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Delay times a t  which two possible s ign i f icant  events occurred i n  cross- 
correlat ions between the  far f i e l d  and USB surfaces are shown i n  f igure 9. 
Because some crosscorrelations resembled both an antisymmetric dipole source 
and a symmetric acoustic-wave pat tern,  delay times fo r  both types of event are 
shown. 
upper surface and negative slope f o r  t he  lower) a r e  given i n  the  upper part of 
t h i s  f igure.  
m/sec f l o w  ve loc i t ies .  They increased with increasing distance downstream from 
the  leading edge. A t  each chordwise posi t ion and f o r  both the  upper and lower . 
surface, these delay times were given by the sum of the  time for  an acoustic 
wave t o  t r a v e l  from the  surface microphone t o  the leading edge and the  far 
f i e l d  t r a v e l  t i m e .  
f luctuat ion a t  each posi t ion along the  a i r f o i l  caused a change of loading near 
the leading edge. The s ignal  t o  produce t h i s  change would have t raveled up- 
stream a t  the speed of sound, and the  loading f luctuat ion near the leading edge 
would have caused the  f a r - f i e ld  noise. Alternately,  delay times for  zero 
crossings measured a t  the two forward microphones would be consistent with 
noise radiat ion caused by l i f t  force f luctuat ions a t  each posit ion.  
delay times measured a t  the two a f t  microphones then would not be explained. 

Delay times a t  zero amplitude and large slope (posi t ive slope f o r  the  

These times were approximately the same f o r  both 125 and 250 

This would represent a s i t ua t ion  i n  which a loading 

The longer 

Delay times a t  peak posi t ive amplitude for  t he  lower surface a re  shown 
i n  t h e  lower pa r t  of t h i s  f igure.  
corresponds t o  forward propagation of sound waves along the  a i r f o i l  lower 
surface. 
or ahead of t he  t r a i l i n g  edge, followed by t r a v e l  of those waves along the 
wing lower surface and t o  the far f i e l d .  

These times a l s o  have a slope which 

They can be interpreted as representing the  generation of noise a t  

Normalized crosscorrelat ion coeff ic ients  fo r  these t e s t s  a r e  presented i n  
f igure  10. The crosscorrelat ion between the  far f i e l d  and lower surface, 
given i n  f igure lO(c) , approximately follows the exponential decay curves 
previously shown i n  f igure  5 ( c )  f o r  UTW. 
edge, and rapid decrease w i t h  upstream distance,  i s  consistent wi th  the  view- 
point t h a t  USB fa r - f i e ld  noise i s  dominated by t r a i l i n g  edge noise. 
correlat ions between the upper surface and e i the r  t he  lower surface (f igure 
10(b))  or t h e  far f i e l d  ( f igure 10(d))  were smaller than those shown i n  f i g a r e  
5 f o r  UTW. 
and the forward pos i t ion  on the a i r f o i l  surface, shown i n  f igure lO(d), contra- 
dicts the  possible in te rpre ta t ion  of delay times as representing changes of 
loading near the leading edge which then cause noise radiat ion.  

The large values near the  t r a i l i n g  

L i m i t e d  

The small magnitude of the crosscorrelat ion between the  far f i e l d  

These measurements unfortunately have done l i t t l e  t o  define precisely the  
basic  mechanism of USB noise. 
near t he  t r a i l i n g  edge, but measured USB d i r e c t i v i t y  i s  found t o  be r e l a t ive ly  
uniform as compared wi th  the  rapid af t  decay expected f o r  edge noise. Perhaps 
the  reason i s  t h a t  d i r e c t i v i t y  for  t r a i l i n g  edge noise from a finite-chord flat 
p l a t e  d i f f e r s  from t h a t  f o r  a semi-infinite plate .  

This noise c l ea r ly  i s  shown t o  be generated 

A solution f o r  t h i s  
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finite-chord problem was developed by T a m  and Yu i n  reference 9. 
traveling forward along the plane chord are diffracted around the  leading edge, 
causing phase cancellations. 
square acoustic pressure were plotted i n  figures 13 and 14 of reference 9 for  
r a t io s  H of p l a t e  half-chord t o  acoustic wavelength equal t o  5 and 10. These 
Curves, matChed i n  amplitude a t  90' direct ion angle, are plotted as sol id  l ines  
i n  figure 11. 
patterns.  
valleys, i s  reasonably close t o  the asymptotic shape fo r  i n f i n i t e  H (semi- 
i n f in i t e  p la te ) .  Presumably, the peaks and valleys would average out for  the 
range of frequencies within a 1/3 octave band. Calculated d i r ec t iv i ty  was 
shown t o  approach tha t  of a l i f t  dipole a s  the r a t i o  H approached zero. Peak 
amplitude of an US3 noise spectrum may occur a t  a frequency which corresponds 
t o  a low enough value of H such tha t  neither the d i r ec t iv i ty  function for  a 
compact-source semi-infinite p la te  (H approaching in f in i ty )  nor tha t  for  a 
compact -source l i f t  dipole (H approaching zero) i s  valid. 

Sound waves 

Calculated solutions f o r  d i r ec t iv i ty  of mean 

Phase cancellations and reinforcements cause mul%i-lobed 
The envelope of the peaks, and a mean value through the  peaks and 

Under -the -Wing, 3 Oo Deflection 

The major problem i n  analyzing crosscorrelations fo r  under-the-wing 
models a t  large deflections i s  tha t  several noise processes combine t o  cause 
a complicated variation with time. Data taken a t  large exhaust veloci t ies  
a l so  have the disadvantage tha t  the crosscorrelator output osc i l la tes  a t  a 
re la t ive ly  high frequency, causing the signal t o  consist  of closely spaced 
jagged peaks. A fur ther  complication was caused by damage t o  the surface 
pressure transducers a t  38% and 62% chord on the lower surface. Signals from 
these locations i n  the impingement region became progressively e r r a t i c  during 
the t e s t  program, and generally had t o  be discarded. 

Crosscorrelations between surface pressures a t  the same positions on the 
upper and lower surface are  shown i n  figure 12. Sample crosscorrelation 
t races  a t  125 m/sec velocity a re  given i n  figure =(a).  
15% chord was a symmetric peak having maximum negative amplitude a t  zero 
delay time. Pressure fluctuations on opposite sides of the a i r f o i l  had 
opposite sign a t  each instant  of time. 
f luctuations of l i f t  force were induced by the exhaust j e t .  I n  contrast, the  
measurement for  38% chord had a very small negative peak a t  zero delay time 
and an antisymmetric shape a t  larger times. This signal corresponds t o  a 
small fluctuation of loading and a larger  acoustic pressure fluctuation 
generated on the upper surface by pressures convected along the lower s u r -  
face. 
decreasing a s  distance from t h e  t r a i l i n g  edge was decreased; The times a t  
which zero magnitude and posit ive slope occurred a re  plotted i n  figure 12(b). 
These times were less than halved when exhaust velocity was doubled. They 
were approximately equal t o  the sum of the time tc required for  an eddy in  
the lower-surface exhaust je t  t o  be convected t o  the  t r a i l i n g  edge and the 
time t a  for  a sound wave t o  move from the t r a i l i n g  edge t o  the upper-surface 
microphone . 

The measurement fo r  

This i s  what would be expected i f  

This same pattern occurred a t  62% and 80% chord, with the delay times 
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Crosscorrelations of a i r f o i l  surface pressures and far f i e l d  acoustic 
pressures f o r  th i s  configuration a t  I25 m/sec veloci ty  a re  given 
Signals from three  chordwise posit ions on the  lower surface are s 
13(a). For the  two more forward locations (15% and 38% chord), zero amplitude 
and large negative slope occurred a t  the fa r - f ie ld  acoustic travel time tff. 
After several  small osc i l l a t ions ,  these t races  had another negative 
crossing a t  the sum of t h a t  time and the  eddy convection time tc. 
corre la t ion  of t he  s igna l  from 8% chord had posi6ive slope a t  time tff b u t  
zero amplitude and negative slope a t  roughly the sum of tff and tc. 
t e s t s  (reference 2 )  had obtained similar r e su l t s . .  

Previous 

Crosscorrelations between the upper surface and f a r  f i e l d  ape plot ted i n  
f igure 13(b),  I n  contrast  t o  the complicated t races  f o r  the 
adjacent t o  the j e t ,  these t races  had only one dominant region. The s ignal  
for  15% chord had an antisymmetric pa i r  of peaks, with zero amplitude and 
posit ive slope a t  time tff. 
closely resemble posi t ive symmetric peaks a t  times tha t  increase as the  t r a i l -  
ing edge i s  approached. However, t h a t  interpretat ion would require that acous- 
t i c  s ignals  of the same sign were radiated t o  both the near-field upper surface 
and fa r - f ie ld  lower surface. A more plausible in te rpre ta t ion  i s  that  the zero- 
amplitude positive-slope portions represent an upper-surface pressure f luctua-  
t i o n  t h a t  i s  par t  of an acoustic dipole source. These delay times increased 
above the f a r  f i e l d  acoustic t r a v e l  time as downstream distance was increased, 
a t  a speed corresponding t o  the chordwise motion of an acoustic wave. There- 
fore  t h e  l oca l  pressure f luctuat ions on both the a i r f o i l  upper and lower s u r -  
faces (caused by convection of turbulent eddies i n  the j e t )  d i d  not d i r e c t l y  
produce acoustic radiat ion a t  each chordwise posit ion.  
adjustment of a i r f o i l  loading d is t r ibu t ion ,  by pressure s ignals  which were 
transmitted along the chord a t  the speed of sound. These changes of loading 
would be expected t o  be la rges t  along the single a i r f o i l ’ s  forward region, and 
t h i s  region radiated noise t o  the f a r  f i e l d .  

The t races  fo r  other chordwise locations more 

They produced a r e -  

Surface-radiated EBF noise had been regarded i n  references 1 and 3 a s  a 

This simplified description 
sum of radiat ion from a f luc tua t ing- l i f t  noise source dis t r ibuted along the 
chord and a trail ing-edge compact noise source. 
i s  modified as a r e s u l t  of these crosscorrelation t ts .  There seems t o  be a 
noise source a t  the t r a i l i n g  edge which i s  r e l a t ive ly  independent ‘of f l a p  “de- 
f lec t ion ,  and another near the leading edge which increases a s  the f l a p  i s  
i n i t i a l l y  deflected.  Sound waves from each source a re  transmitted around the 
a i r f o i l .  A c la s s i ca l  l i f t  dipole associated-with convected turbulence within 
the  exhaust j e t  appeared t o  ex i s t  over the forward pa r t  of the  f l a p  b u t  not 
along the rear  half  of the chord. 
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FOFNARD FLIGHT EFFECTS ON EBF NOISE 

"Method of Approach 

Tests were conducted t o  examine the  e f f ec t s  of forward f l i g h t  on 
aeroacoustic mechanisms t h a t  generate EBF noise. To assure that the various 
fluid-flow processes which a f f e c t  noise radiat ion would be exambned, measure- 
ments were made of mean and f luc tua t ing  veloci ty  p ro f i l e s  across the  exhaust 
j e t ,  Surface pressure spectra and fa r - f ie ld  acoustic spectra a l s o  were 
measurea. It was expected tha$ the  two maJor e f f ec t s  on loca l  exhaust j e t  flow 
would be a decrease of turbulence l e v e l  and an increase of mean ve loc i tywi th in  
those portions of the j e t  mixing region which cause noise radiat ion,  
f o i l  models therefore were tes ted .  One had a chord length roughly equal t o  the 
length of the j e t  po ten t ia l  core a t  zero f l i g h t  speed, Changes i n  noise radia-  
t i o n  from t h i s  model woukd be expected t o  be dominated by changes of turbulence 
Level, The other model was twice as long; increased mean veloci ty  i n  noise- 
generating regions of the flow would be expected t o  p a r t i a l l y  counteract the 
e f f ec t  of reduced turbulence leve l ,  The two r a t i o s  of a i r f o i l  chord t o  nozzle 
diameter bracket the range of EBF geometries tes ted  by NASA and of p rac t i ca l  
i n t e re s t  e 

Two air-  

Apparatus and Procedure 

Test Apparatus 

Tests were conducted i n  the UTRC acoustic wind tunnel. This open-circuit 
wind tunnel, shown i n  f igure  14 and described inreference 10, has an open t e s t  
sect ion located within an anechoic chamber. This  t e s t  section i s  shown i n  
f igure 15. 
( 2 1  i n . )  high. 
contraction r a t i o  of 16,5 and a honeycomb and screens t o  provide less  than 
0.2% turbulence l eve l  i n  the t e s t  section. 

For these t e s t s  the  open j e t  was 0.79 m (31 i n . )  wide and 0.53 m 
The tunnel i n l e t  section used wi th  t h i s  t e s t  section s i ze  has a 

An a i r  supply duct, connected t o  a 
d supply of high-pressure a i r ,  enters  the  tunnel i n l e t  sect ion down- 
f the honeycomb and screens b u t  upstream of the area contraction, This 

cantilevered duct extends downstream along the  tes t -sect ion nozzle center l ine.  
The duct has about 20 cm (8 i n , )  inside diameter a t  a location 0.9 m (3 f t )  
upstream of the nozzle e x i t ,  A nozzle extension duct provides a smooth con- 
verging inner duct with 4,9 cm (1.925 i n , )  e x i t  diameter and a smoothly con- 
toured outer duct shape ending i n  a c i rcu lar  a r c  boa t t a i l ,  

A c i rcu lar  j e t  col lector  with approximately 1,l m (42 i n , )  diameter, 
having a rounded l i p  l ined  with acoustic absorbing material, was located 3.6 m 
(12 f t )  downstream of the nozzle i n l e t ,  Sidewalls 1.5 m (5  f t )  long, supported 
by brackets outside the airflow, constrained the forward portion of the open 
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j e t .  
of the  a i r f o i l  noise w a s  caused by the controlled-turbulence t e s t  airflow. 
This open j e t  configuration d i f f e r s  f r o m  that described i n  reference 10 by 
having a larger  col lector  'further downstream of the  nozzle ex i t .  

The t e s t  a i r f o i l  was mounted between these sidewalls t o  assure t h a t  a l l  

One a i r f o i l  model was the  instrumented f l a t  p l a t e  used i n  the  measurements 
of incidence f luctuat ion noise described i n  references 3 and 4. 
chord model, shown i n  f igure  16, had 46 cm (18 in . )  chord and 53 cm (21 in . )  
span. It had constant 2.54 cm (1.0 in . )  thickness except a t  the cy l indr ica l  
leading edge and the  af t  6.35 cm (2.5 in . )  region. 
upper and lower surfaces and l e s s  than 0.05 CM (0.02 in.)  trailing-edge thick-  
ness. 
a i r f o i l  of conventional 0.635 cm (1/4 in .  ) diameter condenser microphones 
mounted on right-angle adaptors and preamplifiers. Microphones were f lush-  
mounted without protect ive gr ids  on both the upper and lower surfaces a t  
posi t ions o f f s e t  30.5 c m  (0.2 in . )  from midspan a t  two chordwise locations:  
23 cm (9 in . )  and 41 cm (16 in . )  downstream of the  leading edge. 
conducted with the a i r f o i l  mounted between horizontal  sidewalls wi th  i t s  
center l ine a t  zero angle of a t tack.  One surface therefore was nearly i n  l i n e  
w i t h  the nozzle e x i t  l i p .  

This long- 

This had c i rcu lar  a r c  

Model thickness had been chosen t o  allow easy in s t a l l a t ion  within the 

Tests were 

The short-chord a i r f o i l  model was the 23 cm (9 in . )  chord NACA 0018 a i r -  
f o i l  used i n  the  external ly  blown f l a p  crosscorrelation t e s t s  and shown i n  
f igu re  1. The s l i d e r s  a t  30% and 70% chord were positioned such that t he i r  
flush-mounted microphones were a t  midspan along the  exhaust j e t  centerline.  
A t  zero def lect ion,  t he  a i r f o i l  leading edge was v e r t i c a l  and was positioned 
2.5 cm (1.0 in . )  downstream and 2.0 cm (0.8 i n . )  t o  the s ide of the  nozzle l i p .  
Thus the  high-turbulence portion of the  exhaust j e t  was approximately tangent 
t o  the a i r f o i l  maximum-thickness region. The a i r f o i l  was tes ted  between 
horizontal  sidewalls a t  9' def lect ion ( t r a i l i n g  edge toward the exhaust j e t )  
on both the  near s ide  and the far s ide of the nozzle exhaust j e t  as sketched 
i n  f igure 17(a).  
respectively. 
but wind tunnel airspeed r a t i o s  greater  than about 1/4 tended t o  blow the  j e t  
off  t he  a i r f o i l  surface. A t  9 O  def lect ion,  the a i r f o i l  a f t  surface was 
approximately i n  l i n e  w i t h  the  extended nozzle l i p  and the j e t  remained 
attached. The short-chord a i r f o i l  was a l s o  tes ted  as  an UTW i n s t a l l a t ion  a t  
30' deflection a s  sketched i n  f igure 17(b). 
chord on the  a i r f o i l  center l ine was kept a t  the  same posit ion for a l l  deflec- 
t ions .  
the  horizontal  l ine-of-sight view of the nozzle l i p .  
was tes ted  i n  both an UTW and USB in s t a l l a t ion ,  shown i n  f igure 17(c).  
photograph of t h e  long-chord U'IW i n s t a l l a t i o n  i s  presented i n  figure 15. 

These cases represent an USB and an U'IW i n s t a l l a t ion ,  
A def lect ion angle of Oo had been used i n  preliminary t e s t s ,  

The center of ro ta t ion  a t  30% 

A t  30° def lect ion,  the  a i r f o i l  t r a i l i n g  edge j u s t  barely obstructed 
The long-chord a i r f o i l  
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Far -f ie ld  measurements were obtained with conventional 0.635 cm (1/4 i n  ) 
diameter microphones placed on an a rc  of 3.05 m (10 ft> radius centered a t  the  
nozzle e x i t .  The microphones were located a t  YO0, go0, and 120° angular posi-  
t i ons  r e l a t ive  t o  the  nozzle center l ine direct ion.  Far-field sound pressure 
leve ls  and surface pressure f luctuat ion leve ls ,  c i ted  as SPL ard surface SPL, 
respectively,  were measured i n  decibels referenced t o  2 x 10-5 newtons per 
square meter (2 x l o 4  microbar). A l l  microphones were calibrated da i ly  with a 
250 Hz pistonphone. 

Flow-field t raverses  were obtained across the j e t  exhaust i n  the midspan 
plane of symmetry. 
gage, was used for  measuring mean and root  mean square f luctuat ing streamwise 
veloci t ies .  Because the exhaust j e t  temperature generally differed from the  
wind tunnel airstream temperature, a thermocouple a l so  was traversed t o  obtain 
the temperature correction needed for  measuring mean velocity.  A s  sketched i n  
figures 17(a) and (c) ,  t raverses  were taken normal t o  t h e  nozzle center l ine for  
the  short-chord a i r f o i l  a t  9O deflect ion and the long-chord a i r f o i l  a t  zero 
deflection. These t raverses  were taken 22.9 cm (9.0 i n . )  downstream of the 
nozzle e x i t  plane for both a i r f o i l s  and a l so  40.6 cm (16.0 in . )  downstream fo r  
the  long-chord a i r f o i l .  Local surface slope of the short-chord a i r f o i l  a t  the 
traverse location and 9' deflection was nearly normal t o  the t raverse  l ine .  
For t he  short-chord a i r f o i l  a t  30' deflection, the t raverse  l i n e  was rotated 
only 20° so tha t  it would s t i l l  be approximately normal t o  the a i r f o i l  surface. 
This  posit ion i s  sketched i n  figure 17(b). The extended traverse l i n e  in t e r -  
sected the nozzle center l ine 22.9 cm (9.0 i n . )  dawnstream of the nozzle e x i t  
plane a s  w i t h  the other configurations. One basic assumption i n  planning these 
t e s t s  was tha t  surface-radiated noise was caused by turbulence generated i n  the  
je t  mixing region near the a i r f o i l  and convected past  the a i r f o i l .  
a l so  generated by turbulence within the t h i n  shear layer t h a t  forms downstream 
of the  t r a i l i n g  edge. 
assumed tha t  turbulence generated downstream of a surface would not cause 
acoustic radiat ion from t h a t  surface,  and t h a t  the e f f ec t  of forward speed on 
turbulence and quadrupole noise would be the same for  both the i n i t i a l  exhaust 
j e t  mixing region and t h i s  other mixing region. 

Calibration of T e s t  I n s t a l l a t ion  

A miniature hot-film gage, more rugged than a hot-wire 

Noise i s  

It was T h i s  region was not traversed i n  these t e s t s .  

The wind tunnel i n s t a l l a t i o n  i s  shown in. f igure l5* It differed from 
t h a t  for  previous t e s t s  i n  t h a t  the t e s t  section was rotated goo such tha t  the  
a i r f o i l  pitching ax is  was ve r t i ca l .  
supports attached t o  the  anechoic-chamber f loor  a t  3.05 m (IO f t )  r ad ius  
ra ther  than being suspended overhead a t  2.13 m (7 f t )  radius. 
t i o n  used a r e l a t ive ly  massive s t ruc ture  on the  f a r  side of the t e s t  sect ion 
t o  support both ends of the a i r f o i l  models. Acoustic cal ibrat ion of the 
various components were obtained a t  zerG tunnel speed p r io r  t o  t h i s  t e s t  
program. 

Microphones could then be mounted on 

This i n s t a l l a -  

Noise from the exhaust j e t  i n  the t e s t  section without sidewalls was 
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found t o  match t h a t  f o r  a d i f f e ren t  i n s t a l l a t ion  which had a shorter,  larger-  
diameter a i r  supply duct. 
a f f e c t  j e t  noise radiat ion.  Adding the  sidewalls caused a small noise increase 
up t o  500 Hz one-third-octave center frequency. Evidently, the  je t ' s  axisym- 
metric broadband noise rad ia t ion  caused weak standing waves between the s ide-  
walls. 
*2 dB those of previous t e s t s  and those calculated by the  method of reference 
11. Measurements a t  600 from the  nozzle upstream di rec t ion  were systematically 
low, The wind tunnel nozzle l i p  may have shielded the j e t  exhaust nozzle 
region a t  t h i s  d i rec t ion  angle. 
eliminated t h i s  problem. 

Thus the wind tunnel 's  air  supply duct did not 

Measured spectra a t  goo and 1200 direct ions generally matched within 

Changing the  microphone posit ion t o  70' 

The exhaust j e t  was then tes ted  with an undeflected a i r f o i l  mounted between 
the horizontal  sidewalls but without the large support s t ructure .  Low- 
frequency noise caused by j e t  turbulence passing the  a i r f o i l  was more than 10 
dB larger  than t h a t  from the j e t  alone. 
been previously obtained for  t h i s  configuration out of the wind tunnel and 
without sidewalls. A i r f o i l r a d i a t e d  noise should be directed p a r a l l e l  t o  the  
sidewalls, so  it i s  reasonable t h a t  such noise would not exci te  standing waves 
between the  walls.  Adding the a i r f o i l  support s t ruc ture ,  for  which a l l  por- 
t i o n s  not shielded by the sidewalls were wrapped with acoustic absorbing mate- 
r i a l ,  d i d  not a l t e r  t h i s  noise. 

These spectra matched those which had 

A s  a fur ther  check on possible noise re f lec t ion  from the a i r f o i l  support 
s t ructure ,  a small loudspeaker was used i n  place of the a i r f o i l  and j e t .  The 
loudspeaker output was about 10 dB stronger i n  f ront  of the  speaker cone than 
behind it, both i n  the  f r ee  f i e l d  and between the sidewalls. The speaker was 
placed a t  t he  a i r f o i l  nominal center posit ion and aimed a t  the acoust ical ly  
wrapped support s t ruc ture ,  
place exceeded those without the  supports by a t  most 3 dB above 8000 Hz 
frequency. 
t i c a l l y  wrapped support ref lected a t  most 10% of the incident noise, 
from a noise source that radiated equally i n  direct ions toward the micro- 
phones and toward the support could then be about 0.4 dB too high a t  high 
frequencies, 

Pink-noise spectra obtained wi th  the supports i n  

Because of the  speaker's d i r ec t iv i ty ,  t h i s  meant t h a t  the acous- 
Spectra 

This small er ror  was regarded as acceptable. 

Test Conditions 

The range of j e t  exhaust ve loc i t ies  and tunnel airspeeds tes ted  was 
picked t o  provide veloci ty  r a t i o s  of p rac t i ca l  i n t e r e s t ,  plus a larger  range 
of veloci ty  r a t i o  t o  es tab l i sh  the trends.  
l i k e l y  (reference 12) t o  operate a t  r a t i o s  of f l i g h t  veloci ty  t o  exhaust 
veloci ty  near 0.25 during both takeoff and approach. 
be near 250 and 200 m/sec (near 800 and 650 f t / sec)  during takeoff and approach, 
respectively.  

Full-scale EBF configurations a re  

Exhaust ve loc i t ies  would 

It i s  d i f f i c u l t  t o  obtain hot-wire or hot-film traverses  of 



turbulence in t ens i ty  a t  these high subsonic speeds. 
streamwise turbulence veloci ty  therefore were measured a t  160 m/sec (525 
f t / s e c )  exhaust veloci ty  a t  p rac t i ca l  veloci ty  r a t i o s  of 0, 1/8, 1/4, and 3/8. 
Surface pressure spectra and f a r - f i e ld  acoustic pressure spectra were measured 
a t  these four veloci ty  r a t i o s  for both 160 and 250 m/sec (525 and 820 f't/sec) 
exhaust veloci t ies .  To es tab l i sh  trends more c lear ly ,  acoustic and flow-field 

ve loc i ty  r a t i o s  of 0, 1/4, 1/2, and 3/4. 

Prof i les  of mean and r m s  

measurements a l so  were taken a t  125 m/sec (410 f t / s ec )  exhaust veloci ty  and - r  

Evaluation of Forward Plight Effects 

Expected Effects  of Forward Fl ight  

Surface -radiated noise i s  believed t o  be generated by turbulence produced 
i n  the j e t  mixing region and convected along the wing and past  the t r a i l i n g  
edge. 
known t o  be much larger  i n  t h i s  free shear layer than i n  the boundary layer 
adjacent t o  the  wing surface. A crude approximation t o  estimating the e f fec t  
of forward f l i g h t  on shear-layer turbulence in t ens i ty  would be t o  assume t h i s  
i n t ens i ty  t o  be d i r ec t ly  proportional t o  the difference i n  mean velocity across 
the  shear layer.  For ax ia l  distances smaller than the nominal potent ia l  core, 
the inner veloci ty  can be taken as  the j e t  exhaust veloci ty  VJ. Then a f l i g h t  
veloci ty  Vo would cause t h e  turbulence veloci ty  i n  the  shear layer  t o  be 
(l-Vo/vJ) times tha t  for  zero f l i g h t  speed. 

Turbulence in t ens i ty  i n  the direct ion normal t o  the wing surface i s  

The measured e f f ec t  of external veloci ty  on turbulence of an isolated 
axisymmetric subsonic j e t  (reference 13) was less of a decrease than would be 
predicted by t h a t  simple assumption. 
c loser  t o  (l-Vo/V~)O*7 for  experimental veloci ty  r a t io s  from 0.1 t o  0.5. 
higher leve ls  were a t t r ibu ted  t o  the turbulent boundary layer  generated on the 
nozzle outer wall  and convected i n t o  the  f r ee  shear layer a t  nonzero simulated 
f l i g h t  speeds. 

The multiplying factor  was found t o  be 
These 

Another e f f ec t  of forward f l i g h t  i s  increased a x i a l  extent of t he  j e t ' s  
high-velocity poten t ia l  core. 
generates surface-radiated noise would therefore be increased by forward 
f l i g h t  i f  the wing chord i s  much longer than the je t  po ten t ia l  core. 
of t h i s  core for  subsonic exhaust ve loc i t ies ,  zero f l i g h t  speed, and an 
isolated j e t  i s  about 4 or 5 diamet-ers. Most under-the-wing EBF configurations 
have a distance of about 7 or 8 diameters from the nozzle e x i t  t o  the deflected 
t r a i l i n g  edge. Thus a small increase of maximum mean velocity i n  the  impinge- 
ment region would be expected. Tunnel background noise i n  each 1/3 octave band 

was a t  l e a s t  10 dB below the measured noise for  a l l  t e s t  conditions except 125 
m/sec exhaust veloci ty  and veloci ty  r a t i o s  of 3/4, and the  two lowest 1/21 

Convection veloci ty  of the  turbulence which 

Length 
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octave bands a t  a veloci ty  r a t i o  of 1/2. 
noise therefore were not needed. 

Corrections for  tunnel background 

Forward f l i g h t  should decrease the  spreading r a t e  of the f r ee  shear layer.  
If turbulence in t eg ra l  scale length i s  proportional t o  the  shear-layer thick-  
ness ,  noise amplitudes would be decreased and peak frequencywould be increased. 
This change of frequency would s h i f t  the fu l l - sca le  spectra i n  the  d i rec t ion  of 
increased annoyance. 

Additional causes of EBF noise could include surface-radiated noise 
generated by turbulence i n  the wall  boundary layer between the j e t  and the 
wing, quadrupole noise from the  undistorted i n i t i a l  region of t he  j e t ,  
quadrupole noise from impingement of the  j e t  against  the wing, and quadrupole 
noise from the  portion of the  j e t  which develops from the  wall boundary layer 
downstream of the  t r a i l i n g  edge. The e f f ec t  of forward speed on the .wal l  
boundary layer  and the impingement region should be small. 
from the i n i t i a l  portion of the j e t  should vary as  60 log  (l-Vo/VJ) as for  an 
isolated j e t  (reference 11). Quadrupole noise from the region downstream of the 
t r a i l i n g  edge should be increased for  long-chord wings because of the longer 
poten t ia l  core and decreased by the above relat ive-veloci ty  fac tor .  
sion of the e f f e c t s  of forward speed on these components i s  avai lable  i n  
reference 14 

Quadrupole noise 

A discus- 

Effects  on Flow Field 

Tie e f f ec t s  of forward f l i g h t  on mean veloci ty  prof i les  measured normal 
t o  the surface near the t r a i l i n g  edge of the short-chord a i r f o i l  are shown i n  
f igure 18 for  125 and 160 m/sec exhaust ve loc i t ies  and go and 30' deflections.  
The veloci ty  p ro f i l e s  fo r  9' deflect ion under-the-wing should a l so  be a reason- 
able  approximation fo r  a small-chord small-deflection upper -surface -blowing 
configuratioc. 
m a x i m u m  veloci ty  equal t o  the  nominal j e t  exhaust veloci ty  except (figure 
1 8 ( ~ ) )  f o r  a veloci ty  r a t i o  of 3/4 a t  300 deflection. 
veloci ty  and f l a t  veloci ty  p ro f i l e  near t he  surface fo r  t h i s  case correspond t o  
loca l ly  separated f l a w .  
maximum veloci ty  gradient. 

All of these veloci ty  prof i les  contained a poten t ia l  core with 

The smaller peak 

Increasing the veloci ty  r a t i o  always decreased the  

Profi les  of mean veloci ty  across the  exhaust j e t  fo r  two axial posit ions 
along the long-chord undeflected a i r f o i l  are given i n  f igure 19. 
f i l e s  include a poten t ia l  core with constant maximum veloci ty  near ly  equal t o  
je t  exhaust velocity.  

These pro- 

Maximum veloc i t ies  near the t r a i l i n g  edge of the long-chord a i r f o i l  
They 

It should be noted 
(f igure l9 (c )  and ( a ) )  were l e s s  than the nozzle exhaust velocity.  
generally increased as tunnel veloci ty  r a t i o  was increased. 
t h a t  d i f f e ren t  r e s u l t s  have been obtained by other invest igators  i n  tests of 
deflected long-chord a i r f o i l s .  Reduced maximum veloci ty  of the  exhaust j e t ,  



caused by viscous decay i n  the shear layer,  may not allow the attached j e t  t o  
overcome the  adverse pressure gradient caused by the deflected f l a p  i n  forward 
f l i g h t .  An upper-surface-blowing configuration optimized for  aerodynamics and 
acoustics a t  zero f l i g h t  speed was described i n  reference 15 as  having 
separated flow near the t r a i l i n g  edge a t  a tunnel veloci ty  r a t i o  near 1/4. 

Profi les  of rms a x i a l  turbulence veloci ty  divided by j e t  exhaust veloci ty  
are  given i n  f igure 20 for  the short-chord model. These p ro f i l e s  have two 
peaks, one near the  a i r f o i l  surface within the boundary layer  and one i n  the 
fYee shear layer a t  the outer portion of the  j e t .  
so l id  surface i s  known t o  prevent large turbulence levels  normal t o  the s u r -  
face,  b u t  turbulence leve ls  i n  the f r ee  shear layer a re  nearly equal i n  a l l  
di rect ions.  Axial turbulence levels  generally were larger than those i n  the 
boundary layer  b u t  t h e i r  amplitude decreased more rapidly a s  tunnel veloci ty  
r a t i o  was increased. The approximately 2% turbulence l eve l  i n  the potent ia l  
core above the boundary layer agrees with the  data of reference 13. 

The presence of the a i r f o i l  

The e f f ec t  of veloci ty  r a t i o  on maximum measured turbulence l eve l  i n  the  
shear layer of these configurations i s  shown i n  f igure 21. No consistent 
difference existed between maximum leve ls  for 9 O  deflect ion (open symbols) and 
30' deflect ion ( so l id  symbols). 
reference13 for  turbulence leve ls  i n  an isolated axisymmetric exhaust j e t  a t  
close t o  these t e s t  conditions. Maximum turbulence levels  i n  the shear layer 
of a short-chord external ly  blown f l a p  were approximately equal t o  those fo r  an 
i so la ted  exhaust nozzle. Turbulence levels  fo r  veloci ty  r a t io s  from zero t o  
3/8 a re  f a i r l y  well  predicted by a l inear  decay, shown by a so l id  l ine.  
behavior would be expected i f  the r m s  turbulence veloci ty  i s  proportional t o  
r e l a t ive  veloci ty  across the  shear layer,  VJ-Vo. The turbulence -decay expres - 
sion given i n  reference 13, ( 1 - V 0 / V ~ ) 0 * 7 ,  shown by a dash l i ne ,  i s  closer  t o  
t h e  data fo r  turbulence leve ls  of 1/2 and 3/4. Slower decay a t  large veloci ty  
r a t i o s  was explained i n  reference 13 as being caused by t h e  turbulent boundary 
layer generated on the  compressed-air supply duct and j e t  nozzle outer- wall. 
Th i s  turbulence i s  convected in to  the shear layer and increases the measured 
turbulence levels  above what would e x i s t  i n  f ree  f l i g h t  with a p rac t i ca l  
nacelle length. 
1/2), a dependence of surface-radiated acoustic in tens i ty  on turbulence leve l  
squared can therefore be represented by a dependence on (1-vvo/vJ)2. 

Also shown as square symbols a r e  data from 

T h i s  

For veloci ty  r a t i o s  of p rac t i ca l  i n t e re s t  (closer t o  1/4 than 

Turbulence p ro f i l e s  for  the  long-chord a i r f o i l  a t  two ax ia l  posit ions and 
Turbulence prof i les  a t  midchord on two j e t  ve loc i t ies  a re  given i n  f igure 22. 

the  long-chord a i r f o i l  were a f e w  percent larger  than those for the  short-  
chord a i r f o i l  a t  the same distance from the nozzle e x i t  plane (figures 20(c) 
and (d ) ) .  Maximum turbulence levels  near the t r a i l i n g  edge of the long-chord 
a i r f o i l  (f igures 22(c) and (d ) )  a r e  smaller than those near the t r a i l i n g  edge 
of t he  short-chord a i r f o i l  (f igures 21(a) and (b) ) .  
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The presence of a + p o t e n t i a l  core a t  midchord can be inferred from the  
measured f la t  minimum with near 2& turbulence l e v e l  i n  f igures  22(a) and (b).  
I n  contrast ,  minimum turbulence leve ls  between the  boundary layer  and shear 
layer as measured near the t r a i l i n g  edge were about 6% t o  7% a t  zero tunnel 
speed. 
about 2% a t  veloci ty  r a t i o s  la rger  than 1/4. 
extended t o  t h i s  a f t  measurement posi t ion at  these larger  veloci ty  ra t ios .  
The wavy turbulence p r o f i l e  for  a veloci ty  r a t i o  of 3/4 a t  125 m/sec exhaust 
veloci ty  i n  f igures  22(a) and (c)  may have resulted from osc i l la t ing  separation 
and reattachment of t h e  exhaust j e t .  

A s  shown i n  f igures  22(c) and (a), these minimum leve ls  decreased t o  
The j e t  po ten t ia l  core probably 

Effects  of tunnel veloci ty  r a t i o  on maximum measured turbulence l eve l  i n  
the  j e t  shear layer  of the long-chord a i r f o i l  are shown i n  f igure 23. Mximum 
leve ls  a t  midchord were roughly equal t o  those measured i n  the shear layer of 
an i so la ted  subsonic exhaust j e t  (reference 11) a t  the same a x i a l  posit ion.  
Midchord maximum leve ls  a t  zero veloci ty  ratio were about 17%, as compared with 
an average near 14.5% f o r  the same axial posi t ion with the short-chord a i r f o i l  
( f igure 21). 
d i f f e r e n t  a i r f o i l s  a t  t h i s  same r a t i o  of a x i a l  posi t ion t o  nozzle diameter for 
veloc i ty  r a t i o s  from 1/4 t o  1/2. Maximum turbulence ve loc i t ies  near the t r a i l -  
ing edge of the long-chord a i r f o i l  were only about 2/3 those a t  midchord within 
the poten t ia l  core. 
increasing veloci ty  r a t i o  a t  both measurement posit ions.  Therefore, noise 
which var ies  with turbulence levels  squared should vary wi th  20 log (l-Vo/vJ) 
as with the short-chord a i r f o i l .  

However, .there was l i t t l e  difference between data for  the two 

These leve ls  decreased approximately l i nea r ly  with 

Acoustic Results fo r  Short Chord Ai r fo i l  

Effects of f l i g h t  veloci ty  r a t i o  on one-third x t a v e  fa r - f ie ld  sound 
pressure leve ls  for the  23 cm chord 9' def lect ion UTW configuration a re  p lo t -  
t ed  i n  f igures  24-26 fo r  125, 160, and 250 m/sec exhaust veloci t ies .  
fo r  the highest veloci ty  r a t i o  of 3/4, shown i n  f igure  24, were much larger  
than those fo r  other veloci ty  r a t io s .  
combination of incident-turbulence noise from the a i r f o i l  due t o  the exhaust 
nozzle supply duct ' s  boundary layer ,  and intermit tent  separation of the  exhaust 
j e t  from the a i r f o i l  surface. Data for  t h i s  highest veloci ty  r a t i o  w i l l  not be 
shown for  a l l  configurations because they do not represent p rac t i ca l  flow 
conditions 

Spectra 

These high leve ls  are  believed t o  be a 

Amplitudes of the  f a r - f i e ld  acoustic spectra a t  90' from the nozzle i n l e t  
i n  an under-the-wing configuration were expected t o  be dominated by t r a i l i n g  
edge noise a t  Strouhal numbers up t o  about one. 
d i f fe ren t  j e t  ve loc i t ies  VJ but the  same r a t i o  of wind tunnel veloci ty  t o  
f l i g h t  veloci ty  V,/VJ should coalesce i f  amplitude 
veloci ty  t o  the f i f t h  power. 

Therefore, spectra measured a t  

were scaled with j e t  
Spectra measured a t  
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tunnel veloci ty  a r e  plot ted i n  f igure 27(a). 
t h a t  would be expected a t  100 m/sec j e t  veloci ty  by being decreased 50 log 
( V j / l O O  m/sec). 
but systematically d i f f e r  a t  larger  Strouhal numbers. 
numbers the  measured spectra a r e  a combination of d i r e c t l y  radiated quadrupole 
noise from the  exhaust j e t ,  quadrupole noise ref lected from the wing surface, 
and surface-radiated noise. 
veloci ty  t o  the seventh power. These same spectra fo r  Strouhal numbers la rger  
than one a re  shown i n  f igure 27(b) t o  be brought i n t o  agreement when decreased 
by 70 log (V~/100 m/sec). 

They a r e  adjusted t o  the  leve ls  

These adjusted spectra agree for  Strouhal numbers up t o  0.8 
A t  those la rger  Strouhal 

This combination var ies  approximately with 

A s  a crude approximation, the  major e f f ec t  of f l i g h t  veloci ty  on t r a i l i n g  
edge noise would be expected t o  be a reduction of i n t ens i ty  caused by the 
decreased turbulence leve l .  
adjusted for the change of turbulence l eve l  squared by being decreased 20 log 
(1-V0/VJ). Spectra f o r  these three j e t  ve loc i t ies  and a tunnel veloci ty  r a t i o  
of 1/4, adjusted i n  t h i s  manner, a re  compared i n  f igure 27(c) with an average 
curve drawn through the data for zero tunnel velocity. The data symbols match 
t h i s  curve i n  shape and peak amplitude, but they a re  displaced t o  la rger  
Strouhal numbers. Notice t h a t  i f  Strouhal number had been defined i n  terms of 
r e l a t ive  veloci ty  Uj-U, ra ther  than j e t  velocity,  or je t  po ten t ia l  core length 
rather  than j e t  diameter, the  data points f o r  nonzero veloci ty  r a t i o  would be 
displaced fur ther  from the  curve. However, i f  Strouhal number had been 
a r b i t r a r i l y  multiplied by the r e l a t i v e  veloci ty  r a t i o  (l-Vo/VJ), the  data 
points f o r  a veloci ty  r a t i o  of 1/4 would have approximately matched the 
adjusted spectrum fo r  zero tunnel speed. This type of comparison w i l l  be 
shown l a t e r .  

Thus the velocity-adjusted leve ls  would be 

Although surface-radiated noise should have an in t ens i ty  t h a t  varies with 
turbulence l eve l  squared (reference l), quadrupole noise should vary with 
r e l a t i v e  veloci ty  and therefore  turbulence l eve l  t o  t he  s ix th  power (reference 
11). A s  shown i n  f igure 27(d), use of a nominal fourth power average dependence 
on r e l a t ive  veloci ty  r a t i o  coalesces the measured spectra without need fo r  an 
adjustment t o  Strouhal number. 

The e f f ec t s  of f l i g h t  veloci ty  r a t i o  on one-third octave fa r - f ie ld  sound 
pressure leve ls  fo r  t h i s  configuration inverted t o  an USB posit ion a re  plot ted 
i n  f igures  28-30 for  the three  t e s t  ve loc i t ies .  
somewhat beyond tha t  fo r  peak amplitude, these spectrum leve ls  c losely match 
those fo r  the  UTW posi t ion as given i n  f igures  24-26. The USB spectra decay 
more rap id ly  than the  UTW spectra  a t  higher frequencies. This difference 
occurs because quadrupole noise from the forward 4.7 diameters of the exhaust 
j e t  was shielded by the USB wing. 

A t  frequencies below and 
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If the USB spectrum i s  dominated by surface-radiated noise, the adjustment 
f o r  forward f l i g h t  e f f ec t s  on amplitude and frequency of such noise should 
coalesce the spectra over the en t i r e  frequency range. This comparison was 
made by increasing measured amplitudes by -20 log (l-vo/vJ) and multiplying the 
one -third octave center frequencies by ( l-Vo/VJ). 
a t  nonzero tunnel speeds were adjusted t o  predict  t he  zero-flight-speed spec- 
trum. 
figure 31 f o r  veloci ty  r a t i o s  of 0, 1/8, 1/4, and 3/8. Spectra for  160 m/sec 
exhaust velocity,  given i n  figure 31(a), are  coalesced within about 2 dB 
except a t  l o w  frequencies, Incident-turbulence noise from the ,jet nozzle 
supply duct boundary layer  convected past  the a i r f o i l ;  which would be 
unimportant for  f l ight- length nacelles,  caused the  added low-frequency noise 
a t  higher veloci ty  r a t io s .  
31(b), the adjusted spectrum f o r  a veloci ty  r a t i o  of 1/4 f e l l  somewhat below 
t h a t  for r a t i o s  of 0 and 1/8 a t  high frequencies. Quadrupole noise from the  
exhaust j e t  downstream of the  t r a i l i n g  edge i s  important a t  th i s  high subsonic 
exhaust velocity. For t h i s  portion of t he  noise, adjusted levels  should have 
been increased somewhat more and should not have been changed i n  frequency. 
The adjusted spectrum for  a veloci ty  r a t i o  Qf 3/8 a t  t h i s  exhaust velocity i s  
not shown. I ts  leve ls  were r e l a t ive ly  high. They were probably increased by 
incident -turbulence noise a t  low frequencies and incipient  separation of the 
exhaust j e t  a t  high frequencies. 
supersonic flow caused by the combination of a high subsonic exhaust j e t  and 
moderate subsonic external  flow about the r e l a t ive ly  thick a i r f o i l .  

T h a t  i s  , spectra measured 

These adjusted spectra a t  900 measurement direct ion a re  plot ted i n  

For 250 m/sec exhaust velocity,  given i n  figure 

They may a l so  have been increased by loca l ly  

Surface pressure spectra at  3% and 7% chord on the side of the a i r f o i l  
adjacent t o  the exhaust j e t  are  plot ted i n  f igure 32. 
veloci ty  r a t i o  caused small decreases of peak amplitude. 
narrower, but the frequency a t  peak amplitude was not changed. 

Increased f l i g h t  
Spectra became 

Overall sound pressure levels  were approximately the same for  both the  
USB and u?w posit ions.  
forward f l i g h t  e f f ec t s  a t  velocity r a t i o s  larger than 1/4 because of the large 
contribution of incident-turbulence noise. However, overal l  surface pressure 
levels  seemed t o  be reasonable for  veloci ty  r a t i o s  t o  1/2. 
f l i g h t  veloci ty  on overa l l  sound and surface pressure levels  for t h i s  config- 
uration i s  shown i n  f igure 33. 
f i f thpower  veloci ty  dependence as expected for  t r a i l i n g  edge noise. Surface 
levels  were adjusted f o r  t he  fourthpower dependence expected fo r  surface and 
near-field acoustic pressures. A l l  l eve ls  decreased approximately 20 log (1- 
V,/VJ), as expected for  a dependence on turbulence l eve l  squared. 

These levels  do not give a r e a l i s t i c  measure of 

The e f f ec t  of 

Sound pressure levels  were adjusted f o r  a 
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Effects of f l i g h t  veloci ty  r a t i o  on f a r - f i e ld  sound pressure l e v e l s  fo r  
30' def lect ion of the UTW configuration a re  plotted i n  f igures  34-35. 
the  measurement direct ion 70° from the  nozzle i n l e t  (approximately perpendic- 
ular t o  the a i r f o i l  af t  surface) should be l e a s t  affected by quadrupole noise. 
Adjusted spectra for  t h i s  d i rec t ion  a re  given i n  f igure 37. 
f igure 37(a), spectra fo r  zero tunnel veloci ty  and three d i f fe ren t  j e t  
ve loc i t ies  a re  coalesced fo r  Strouhal numbers l e s s  than 0.8 when adjusted for  
a f i f t hpower  veloci ty  dependence. 
j e t  ve loc i t ies  a t  tunnel ve loc i t ies  1/4 the  j e t  veloci ty  a re  shown i n  f igure 
37(b) t o  coalesce except for  the highest veloci ty  a t  Strouhal numbers near 
peak amplitude. Use of a relativeu2locity-squared correction for  turbulence 
l eve l  brought the adjusted peak amplitudes in to  agreement w i t h  those for  zero 
tunnel speed. However, the  spectra were displaced t o  higher Strouhal numbers 
a t  nonzero veloci ty  r a t io .  

Data for 

A s  shown i n  

Velocity-adjusted spectra fo r  these three 

The comparison of adjusted fa r - f ie ld  spectra fo r  t h i s  configuration and a 
direct ion 120' from the nozzle i n l e t  i s  given i n  f igure 38. 
Strouhal numbers up t o  0.5 and zero tunnel speed a r e  shown i n  f igure 38(a) t o  
match when adjusted for  a sixth-power veloci ty  dependence. 
Strouhal numbers above 1.0 and zero tunnel speed would be expected t o  be 
dominated by quadrupole noise. 
reasonable for  t h i s  angle of about 500 r e l a t ive  t o  the a f t  direct ion of the 
deflected j e t .  This veloci ty  exponent i s  shown i n  f igure 38(b) t o  coalesce 
the  spectra. Adjusted spectra for  a veloci ty  r a t i o  of 1/4 and low Strouhal 
numbers a re  given i n  f igure  38(c).  
was matched with t h a t  fo r  zero tunnel speed by correcting for  turbulence leve l  
but the spectrum was shif ted t o  larger  Strouhal numbers. Spectra for t h i s  
veloci ty  r a t i o  b u t  large Strouhal numbers, given i n  f igure 38(d), d id  not 
collapse in to  a smooth curve when adjusted for a ninth-power veloci ty  depen- 
dence. The spectra for  the two lower ve loc i t ies ,  uncorrected f o r  turbulence 
leve l ,  approximately matched those for  zero tunnel velocity.  
veloci ty  r a t i o  on the portion of an EBF spectrum which is  dominated by quadru- 
pole noise from a 2eflected j e t  therefore was not c lear ly  determined. 
l i k e l y  t h a t  much of t h i s  noise comes from d i s to r t ion  of the portion of t he  j e t  
mixing region which impinges against  the a i r f o i l  surface. 
located between t h e  a i r f o i l  surface and the j e t  po ten t ia l  core. 
ve loc i t ies ,  turbulence leve ls ,  and turbulence scale lengths would not be 
expected t o  be affected by simulated f l i g h t  velocity.  For longer configura- 
t ions  having the  impingement region downstream of the  poten t ia l  core a t  zero 
f l i g h t  speed, t he  e f f ec t  of f l i g h t  speed would be an increase of loca l  mean 
ve loc i t ies .  
under-the-wing EBF configurations might increase a s  veloci ty  r a t i o  i s  
increased. 

Spectra for  

Spectra for  

A ninth-power veloci ty  dependence would be 

A s  w i th  the other comparisons, peak leve l  

The e f f ec t  of 

It i s  

This region i s  
I t s  mean 

Therefore the  d i r ec t  and ref lected quadrupole noise from prac t ica l  
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Adjustment t o  both frequency and amplitude t o  coalesce USB fa r - f ie ld  
spectra had been shown i n  f igure 32. 
duced by surface-radiated noise should be brought i n to  agreement by the  same 
process. Use of t h i s  adjustment for  UTW acoustic spectra a t  160 m/sec exhaust 
j e t  veloci ty  and both go and 30° def lect ion angle i s  shown i n  f igure 39. 
spectra were compared a t  the measurement direct ion nearly perpendicular t o  the  
deflected a f t  surface. Data are shown fo r  frequencies up t o  5000 Hz come.- 
sponding t o  Strouhal numbers up t o  1.6. Good agreement was obtained near peak 
amplitude for  the t e s t  range of veloci ty  r a t i o s  from 0 t o  3/8, with be t te r  
agreement a t  the la rger  deflection. 

The portion of UTW spectra tha t  i s  pro- 

The 

Effects of f l i g h t  veloci ty  r a t i o  on surface pressure spectra a t  3v0 and 
7& chord fo r  UTW 30° def lect ion a re  plot ted i n  f igure 40. 
showed d i f fe ren t  trends a t  the  two measurement posit ions.  
chord, adjusted f o r  a fourth-power j e t  veloci ty  dependence and r e l a t ive  
veloci ty  r a t i o  squared, a r e  plot ted i n  figure 41. 
velocity,  shown i n  f igure 41(a), form a sharply-decaying adjusted spectrum 
typica l  (reference 1) of surface pressure spectra upstream of the  nominal 
impingement point. 
f igure 41(b). 
i n  the region of peak amplitude and rapid decay but a r e  narrower a t  low 
Strouhal numbers. 
location. One e f f ec t  of increased veloci ty  r a t i o  i s  an ax ia l  stretching of the 
j e t  po ten t ia l  core and reduced spreading of the je t .  The surface pressure d i s -  
t r i bu t ion  a t  t h i s  posi t ion and a velocity r a t i o  of 1/4 apparently corresponds 
t o  t h a t  fo r  a more upstream location i n  a flow f i e l d  with zero tunnel velocity.  

These spectra 
Spectra fo r  30% 

The spectra for  zero tunnel 

Adjusted spectra fo r  a veloci ty  r a t i o  of 1/4 are given i n  
They approximately match the spectra fo r  zero tunnel veloci ty  

This change of shape resembles t h a t  fo r  a more upstream 

Surface pressure spectra for t h i s  configuration and 7q0 chord, adjusted 
for a fourth-power veloci ty  dependence but not adjusted fo r  r e l a t ive  veloci ty  
r a t i o ,  are  plotted i n  f igure 42. 
veloci ty  r a t i o  of 1/4 form a curve p a r a l l e l  t o ,  but larger  than, the average 
curve for  zero tunnel speed. This increase of surface pressure l eve l  was 
given by 40 log (l+vo/vJ). 
surface pressure leve ls  i n  the  impingement region of a highly deflected under- 
the-wing external ly  blown f lap .  

The symbols for  spectra measured a t  a 

Nonzero f l i g h t  speed therefore can increase the 

Effects of f l i g h t  veloci ty  on overal l  sound and surface pressure leve ls  
for  t h i s  UTW 30' deflect ion configuration are shown i n  f igure 43. 
sound pressure leve ls  adjusted for  a sixth-power veloci ty  dependence, shown i n  
f igure 43(a), decreased as expected fo r  a dependence on turbulence leve l  
squared. Overall surface pressure levels  adjusted f o r  a fourthpower veloci ty  
dependence, given i n  f igure 43(b), had opposite trends for 30% and 70% chord. 
The r e l a t ive ly  low leve ls  a t  3046 chord decreased rapidly, varying approximate- 
l y  with 40 log (l-vo/vJ). 

Overall 

Those measured at  70'11, chord, i n  the impingement 
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region, increased as veloci ty  r a t i o  was increased t o  3/8  and then decreased a t  
a veloci ty  r a t i o  of 1/2. 
(l-Vo/VJ). I n  agreement with t h i s  prediction, overal l  surface pressure levels  
a t  a veloci ty  r a t i o  of 3/8 were 6 dB larger than a t  zero tunnel speed. 
increase corresponds t o  a doubling of rms s t a t i c  pressure fluctuations from 
about 3% t o  6.5% of t h e  exhaust j e t  dynamic pressure. 
and ax ia l  posit ion,  s t a t i c  pressure f luctuat ions a t  zero tunnel speed were 
shown i n  reference 1 t o  have a loca l  minimum along the centerline.  
increased t o  about 6.5% of the exhaust j e t  dynamic pressure near the edge of 
t he  j e t .  
i n  the  mixing region of an isolated exhaust j e t .  
s t a t i c  pressure fluctuations on the  a i r f o i l  surface near the edge of the j e t  
would a l so  be doubled by forward speed. 

This increase was approximately given by -30 log 

This 

A t  t h i s  deflection angle 

They 

This higher leve l  agrees wi th  the maximum s t a t i c  pressure f luctuat ion 
It i s  not known whether 

Acoustic Results for Long-Chord Ai r fo i l  

Effects of f l i g h t  veloci ty  r a t i o  on one-third octave f a r  - f ie ld  sound 
pressure leve ls  f o r  the 46-cm long chord a i r f o i l  i n  the USB configuration a re  
plot ted in  figures 44-46 f o r  125, 160, and 250 m/sec j e t  veloci t ies .  
shape near peak amplitude varied i r regular ly  a s  veloci ty  r a t i o  was increased. 
The spectra a t  zero tunnel speed had two mild peaks a t  low frequencies. The 
peak which occurred a t  the lowest frequency decreased rapidly i n  amplitude a s  
veloci ty  r a t i o  was increased. Less change occurred near the  other peak. A l l  
of these spectra,  except those for  the la rges t  veloci ty  r a t io s ,  decayed 
approximately inversely w i t h  frequency squared a t  high frequencies. 
behavior i s  expected (reference 4 )  for  t r a i l i n g  edge noise. 

Spectrum 

This 

Effects of f l i g h t  veloci ty  r a t i o  on one-third octave fa r - f ie ld  sound 
pressure leve ls  for  the  long-chord a i r f o i l  i n  the UTW configuration are plotted 
i n  figures 47-49. Near peak amplitude, these spectra a re  nearly ident ica l  t o  
those of f igures  44-46 for  USB. However, t h e i r  decay r a t e  a t  high frequency 
i s  only about half a s  large.  This portion of the UTW spectra i s  doininated by 
quadrupole noise generated i n  the j e t  exhaust mixing region. The long-chord 
a i r f o i l  r e f l ec t s  t h i s  noise when i n  the UTW configuration but shields it fo r  
USB. 
levels  on t h e  surface adjacent t o  the exhaust j e t  a t  midchord and near the 
t r a i l i n g  edge a re  plot ted i n  f igure 50. 

Effects of f l i g h t  ve loc i ty  r a t i o  on one-third octave surface pressure 

The e f f ec t  of f l i g h t  veloci ty  on overal l  sound pressure leve l  d i r e c t l y  
below the long-chord a i r f o i l  i n  bo%h U'IW and USB configurations i s  shown inLy 
f igure 51. Both configurations had approximately the  same OASPL. Adjusting 
these OASPL's  for the  f i f th -pmer  veloci ty  dependence expected fo r  t r a i l i n g  
edge noise produced agreement among data taken a t  125, 160, and 250 m/sec 
exhaust veloci t ies .  Increasing the  r a t i o  of tunnel veloci ty  t o  exhaust j e t  
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veloci ty  from 0 t o  3/8 caused a more rapid decrease of OASPL than tha t  shown 
i n  figure 42 for  the  short-chord configuration. 
approximately given by a dependence on r e l a t ive  veloci ty  t o  the  th i rd  power, 
30 log (l-Vo/VJ). 
levels  had decreased with r e l a t ive  veloci ty  squared (figure 23), and mean 
veloci ty  a t  the t r a i l i n g  edge had not varied systematically with r e l a t ive  
veloci ty  ( f igure 19). 
long-chord model was proportional t o  r e l a t i v e  velocity.  

This f a s t e r  decrease was 

The cause of this decrease i s  not known. Measured turbulence 

Perhaps the width of the noise-producing region of th i s  

Because of the change of peak-region spectrum shape with veloci ty  r a t i o ,  
fa r - f ie ld  spectra near peak amplitude were not coalesced by use of an assumed 
variat ion of i n t ens i ty  with r e l a t ive  veloci ty  cubed. The high-frequency por- 
t i on  of the USB spectra appeared t o  have the same amplitude and frequency 
dependence on veloci ty  r a t i o  t h a t  occurred for  sur faceradia ted  noise of the 
short-chord model. A s  wi th  f igures  31 and 39 for the short-chord model, both 
amplitude and frequency were adjusted such tha t  data for  nonzero veloci ty  
r a t io s  were used for predicting the zero-tunnel-speed spectrum. Amplitudes 
were adjusted fo r  a f i f t hpower  dependence on j e t  velocity,  and frequency was 
taken a s  Strouhal number, so t h a t  results obtained for d i f fe ren t  j e t  veloci t ies  
could be compared. Spectra measured d i r e c t l y  beneath the long-chord USB con- 
f igura t ion  and ad jwted  i n  t h i s  manner a re  shown i n  f igure 52 for  160 and 250 
m/sec j e t  ve loc i t ies .  
r a t i o s  from 0 t o  1/4 a t  adjusted Strouhal numbers (l-Vo/VJ)(fD/VJ) greater than 
0.2 and 160 m/sec j e t  velocity. 
Strouhal numbers l e s s  than 0.1. 
veloci ty  (figure 52(b)) caused less sca t t e r  a t  small Strouhal numbers. 
a rb i t r a ry  average curve drawn through the data of f igure 52(a) i s  plotted i n  
f igure 52(b). 
r a t i o s  of 0 and 1/8, and the high-frequency data a t  a veloci ty  r a t i o  of 1/4. 

Good agreement i s  shown i n  figure 52(a) for  veloci ty  

About 8 dB sca t t e r  occurred for adjusted 
The same procedure applied f o r  250 m/sec je t  

An 

This curve matches the low-frequency data points a t  veloci ty  

Use of t h i s  adjusted frequency and amplitude for  correlating spectra 
measured beneath the  long-chord UTW configuration i s  shown i n  figure 53. 
Spectra measured a t  veloci ty  r a t i o s  from 0 t o  3/8 and 160 m/sec j e t  velocity,  
shown i n  f igure 53(a), a re  brought i n to  good agreement fo r  Strouhal numbers 
l e s s  than one. Within t h i s  range, they match the average curve from f igure 
52(a) fo r  USB a t  t h i s  j e t  velocity.  
larger  Strouhal numbers, and amplitudes generally decreased w i t h  increasing 
veloci ty  r a t io .  This portion of the spectra was dominated by both surface- 
radiated and quadrupole noise. 
by the  fourth power of r e l a t ive  velocity,  a s  shown i n  f igure 27(d) fo r  the 
short-chord a i r f o i l .  

Adjusted spectra had a smaller slope a t  

It would be be t t e r  correlated (not shown here) 
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Spectra measured at  250 m/sec exhaust j e t  veloci ty  fo r  t h i s  long-chord 
UTW configuration a r e  shown i n  f igure  53(b). 
adjustments t o  frequency and amplitude produce l e s s  agreement among data f o r  
d i f fe ren t  veloci ty  r a t i o s  and s l i g h t l y  worse agreement wi th  the  160 m/sec 
average curve. 
quadrupole-noise adjustment t o  amplitude without an'adjustment t o  frequency 
would have produced agreement among spectra f o r  ve loc i ty  r a t i o s  of 0, l/8, and 
114. 

A s  wi th  spectra f o r  USB, the 

A t  high Strouhal numbers, use  of an averaged surface and 

Prediction of Forward Fl ight  Effects  

Method for  Calculating Forward Flipht Effects  

From the viewpoint of a noise component method (reference 3 ) ,  the  
complicated noise radiat ion from an EBF i s  regarded as the sum of radiat ion 
from several  basic noise processes. These processes a re  of two major types - 
surface-radiated and quadrupole. 
fur ther  approximated as a sum of two compact-source noise processes, f l u c -  
tua t ing  lift noise and t r a i l i n g  edge noise. They vary with veloci ty  t o  the 
s ix th  power and f i f t h  power, respectively,  and both are  proportional t o  turbu- 
lence leve l  squared (reference 4) .  Approximating both veloci ty  exponents by a 
sixthpower dependence, the  e f f e c t  of forward f l i g h t  on surface-radiated one- 
t h i r d  octave noise spectra then  i s  a decrease of amplitude by 10 log (Vi/Vio) 6 
(l-vO/vj)*, This  decrease should be applied a t  constant frequency f o r  UTW and 
a t  an increased frequency given by f/(l-Vo/VJ) for  USB. 
impingement veloci ty  ( the veloci ty  along the- i so la ted  j e t  center l ine a t  the  
a x i a l  location of the t r a i l i n g  edge or where the extended nozzle center l ine 
in te rsec ts  a f l a p  surface),  and V i 0  i s  i t s  value a t  zero forward speed. 
methods for calculat ing the e f f e c t  of forward speed on V i  a r e  not available,  
except fo r  short-chord models where V i  can be regarded a s  equal t o  VJ. 
recommended that impingement velocity,  or maximum exhaust veloci ty  a t  the  
t r a i l i n g  edge, be measured as par t  of EBF wind tunnel aerodynamic test 
programs . 

Noise radiated from a so l id  surface can be 

Here, V i  i s  the 

Simple 

It i s  

Surface-radiated noise generally dominates the  low-frequency and peak- 
amplitude portions of measured spectra d i r e c t l y  beneath an EBF configuration. 
Quadrupole noise i s  important a t  higher frequencies. 
by the  i n i t i a l  undeflected p a r t  of the  exhaust j e t ,  by t h e  j e t  def lect ion 
region, and by the high-intensity shear layer downstream of the  a f t  f l a p  
t r a i l i n g  edge. 
def lec t ing  surface i s  important for  EN. 
veloci ty  between the jet and surface V i .  
increased by about 80 log (Vi/Vio). 
the change i n  V i  probably can be neglected f o r  reasonable configurations and 
ve loc i ty  r a t io s .  

Such noise i s  produced 

Quadrupole noise caused by impingement of the jet  against  a 
I t s  amplitude depends on r e l a t ive  
Such noise should have i t s  amplitude 

The changes of frequency associated with 

28 



The other two quadrupole noise processes depend on r e l a t i v e  veloci ty  
between the  j e t  and the external a i r .  
exhaust, the method of reference 11 spec i f i e s tha t  OASPL varies  with 60 log 
(l-vo/vJ). 
t i o n  Mach number on relative veloci ty  VJ-Vo. Based on data c i t ed  i n  reference 
11, normalized spectrumshapes are not changed and Strouhaf number continues t o  
be defined i n  terms of absolute j e t  velocity.  For p rac t i ca l  purposes, the  
e f f e c t  of forward f l i g h t  on these kinds of quadrupole noise a t  a l l  d i rec t ions  
should then be approximated as a 60 log ( l - v O / v J )  decrease of amplitude a t  
constant frequency. 
shown i n  f igures  27(d) and 38(d) would indicate  a dependence on 40 log 
(l-Vo/VJ) for small-deflection f l aps  and about 10 log (l-Vo/vJ) a t  moderate 
deflection. The recommended procedure fo r  quadrupole noise i s  a nominal 
20 log (l-Vo/VJ) decrease. 

For direct ions perpendicular t o  the  j e t  

Amplitudes i n  other direct ions a r e  calculated by basing the convec- 

However, the  l imited data obtained under t h i s  program and 

It should be noted t h a t  low -frequency surface -radiated one -third octave 
surface pressure leve ls  often vary approximately with frequency squared. 
Therefore the low-frequency adjustment t o  USB zero-fl ight -speed spectra 
caused by decreasing the amplitude and increasing the  frequency can be approxi- 
mated by a 40 log (l-Vo/VJ) decrease of amplitude a t  constant frequency. For 
USB configurations, the  high-frequency portion of the surface-radiated noise 
spectrum varies approximately inversely w i t h  frequency squared so  the a d j u s t -  
ment merely s h i f t s  the calculated point along the zero-flight-speed spectrum. 
A t  frequencies f o r  which quadrupole noise should dominate, the adjustment would 
be a 20 log (l-Vo/VJ) decrease a t  constant frequency. 
V,/VJ) decrease a t  low frequencies would be fa i red  t o  an a rb i t r a ry  maximum. 
The peak would occur a t  t he  zero-flight-speed peak frequency divided by 
(I-Vo/vJ) 

This and the 40 log (1- 

This  discussion does not include possible noise increases such as might 
a r i s e  from separated flow past the  deflected f l a p  a t  nonzero f l i g h t  speed. 
Forward f l i g h t  w i l l  generate increased aerodynamic l i f t  on the  wing f laps ,  
producing an adverse pressure gradient on the a f t  pa r t  of the f l a p  surfaces. 
Large-scale high-intensity turbulence generated i n  separated flow i s  known 
t o  cause surface-radiated noise. Direction of the  deflected exhaust j e t  may 
a l so  be changed, moving the angular location of peak quadrupole noise which 
occurs below the  deflected j e t ,  

The above method for  calculat ing forward f l i g h t  e f fec ts  yields  the 
spectra  i n  a coordinate system moving with the  airframe. These spectra 
should be Doppler-shifted for  prediction of spectra measured’by a s ta t ionary  
observer of a moving a i rc raf t ,  using the equation given i n  reference 16.‘ 

Methods fo r  predicting forward f l i g h t  e f f ec t s  on EBF noise a l so  are 
discussed i n  both the NASA Aircraf t  Noise Prediction Program (reference 16) 
and a method developed by Lockheed-Georgia Co. (GELAC) fo r  the Federal 



Aviation Administration (reference 17). 
i n  a coordinate system moving with the  airframe, forward f l i g h t  e f fec ts  on USB 
noise frequency and amplitude can be neglected. For UTW the  e f f ec t  on f r e -  
quency i s  neglected; the  OASPL amplitude i s  adjusted by 10 k log (l-Vo/VJ) 
where the parameter k varies  with f l a p  def lect ion and measurement angle. 
value of k i s  equal t o  6 for  direct ions near the  deflected exhaust j e t ,  as  
f o r  j e t  exhaust noise (reference 11). 
4 fo r  takeoff f l a p  def lect ion and 1 fo r  approach deflection. 
value of 1 gives a smaller decrease than the  value of 2 recommended here. 
large velocity exponent for  takeoff f l a p  def lect ion i s  believed t o  have been 
caused by one spec i f ic  t e s t  configuration. It i s  discussed i n  the following 
section of t h i s  report ,  
described i n  reference 17 recommends t h a t  no adjustment for  forward-flight 
source e f f ec t s  be applied t o  UTW or USB noise. 
c r a f t  such a s  j e t  f laps ,  having noise radiat ion dominated by j e t  exhaust noise, 
the forward f l i g h t  correction t o  such noise i s  specified.  

The NASA ANOPP method specif ies  t h a t  

The 

I n  the  forward quadrant it i s  equal t o  
The empirical 

The 

11 Comparison With Available Data". The GELAC method 

For other types of STOL a i r -  

Comparison With Available Data 

Results of an investigation of forward veloci ty  e f fec ts  on under-the-wing 
EBF noise were reported i n  reference 18. 
takeoff and approach def lect ion with both a conical and a mixer nozzle. 
Forward f l i g h t  was simulated by use of a large f r ee  j e t  having a diameter 6.5 
times tha t  of the conical nozzle. 
of 0, 43, and 53 m/sec and j e t  exhaust ve loc i t ies  from 208 t o  290 m/sec, 
giving veloci ty  r a t io s  from 0.15 t o  0.25. A s  shown i n  f igures  9-12 of r e fe r -  
ence 18, normalized spectra measured with both f l a p  deflections and both 
exhaust nozzles were unaffected by simulated f l i g h t  speed a t  constant exhaust 
velocity.  That i s ,  there  was no frequency s h i f t  for  the spectra of under-the- 
wing configurations. 
producing a decrease of overa l l  sound pressure l e v e l  (OASPL). 

A two-flap wing was tes ted  a t  both 

Tests were conducted a t  nominal airspeeds 

The e n t i r e  forward f l i g h t  e f f e c t  can be regarded as 

For these configurations and zero f l i g h t  speed, OASPL was previously 
found t o  vary w i t h  exhaust veloci ty  t o  approximately the seventh power. The 
ax ia l  distance from the  nozzle e x i t  plane t o  the  f l a p  impingement point was 
more than seven nozzle diameters, so the exhaust j e t  l oca l  veloci ty  was 
decreased by viscous mixing a s  it approached the f laps .  
exhaust ve loc i t ies  of these tests, the observed var ia t ion with exhaust 
veloci ty  t o  the seventh power corresponded approximately t o  the  expected 
dipole-noise var ia t ion wi th  l oca l  impingement veloci ty  t o  the s ix th  power. 
Conical nozzles and mixer nozzles have d i f fe ren t  variations of l oca l  maximum 
veloci ty  with ax ia l  distance. It had been expected t h a t  simulated forward 
speed would change these var ia t ions d i f f e ren t ly  fo r  the  two nozzle shapes. 
Instead, reductions of OAXPL for the two nozzle shapes were near ly  ident ica l  
for each f l a p  def lect ion but differed markedly fo r  takeoff and approach 
deflections.  

For the high subsonic 



For approach def lect ion,  OASPL was shown i n  f igure 6 of reference 18 t o  
vary with r e l a t i v e  veloci ty  t o  approximately the  1.4 power a t  constant exhaust 
j e t  velocity.  
second-power var ia t ion predicted herein and based on the  decrease of turbu- 
lence intensi ty .  
of t he  nozzle's long supply duct may have increased the j e t  shear layer turbu- 
lence l eve l  as described i n  reference 11. Based on the turbulence da ta  from 
reference 13 for  an i so la ted  je t ,  a dependence on r e l a t i v e  velocity t o  the 1.4 
power rather  than second power would have been predicted. For takeoff deflec- 
t ion ,  the  var ia t ions shown i n  f igure 5 of reference 18 were with r e l a t ive  
veloci ty  t o  the  3.5 and 4.9 powers fo r  the conical and mixer nozzle. 
exponents a re  larger than those inferred from any other t e s t  program, and 
formed the basis  of the  empirical prediction in  reference 12. 

This measured dependence of OASPL was within 0.7 dB of the 

Also, the  turbulent boundary layer generated on the outside 

These 

One possible cause of t h i s  large difference between measured forward 

The wing leading edge was 1.8 nozzle diameters above the  
speed ef fec ts  for the  two f l a p  deflections is  the external  airflow past  the 
wing and f laps .  
nozzle upper l i p .  
lower surface and the exhaust j e t ,  deflecting the j e t  below the  wing and f laps .  
A t  takeoff f l a p  def lect ion,  the a f t  f l a p  t r a i l i n g  edge did not extend much 
below the nozzle center l ine.  
exhaust j e t  by the wing lower-surface f l a w  f i e l d  could have caused a r e l a t ive ly  
large increase of distance between the noise-radiating a f t  f l a p  panel and the 
exhaust je t .  A t  approach f l a p  deflection, the a f t  f l a p  panel extended nearly 
two nozzle diameters below the nozzle centerline.  The wing airflow pat tern 
could not prevent the exhaust j e t  from passing through the  external flow and 
pressing against  t h i s  def lect ing surface. Flow-field veloci ty  measurements 
a re  not available t o  check the va l id i ty  of t h i s  explanation. It should be 
noted tha t  if t h i s  in te rpre ta t ion  of the data i s  correct ,  then noise from a 
f l a p  configuration which extends fur ther  i n to  the exhaust j e t  a t  takeoff 
def lect ion would have closer t o  a relative-velocity-squared dependence. 

Simulated forward-speed airflow could pass between the wing 

Relatively small ve r t i ca l  displacement of the 

Forward f l i g h t  e f fec ts  on noise from several  types of STOL configurations 
have been measured i n  the NASA Ames Research Center 40 x 80 f t  wind tunnel. 
The e f f ec t  of forward speed on noise of a large under-the-wing EBF model i n  
t h e  landing configuration was given i n  reference '19. Measured maximum dynamic 
pressure i n  the  j e t  exhaust upstream of the  f l a p  was shown i n  f igure 3 of 
t h a t  reference t o  increase about 7% when forward speed was increased from zero 
t o  a typ ica l  approach speed. 
pressure expected f o r  the measured t h r u s t ,  without viscous decay. 
i n  reference 19 t ha t  the  resu l t ing  1% increase i n  loca l  veloci ty  t o  the s ix th  
power would be expected t o  cause about 0.75 dB increase of noise. 
spectra fo r  these forward speeds of zero and 31 m/sec a t  115 m/sec j e t  exhaust 
veloci ty  were given i n  f igure 4 of reference 19 and a re  reproduced i n  f igure  
54(a) herein. 
i n  the  flyover plane, where m a x i m u m  OASPL occurred. 

The la rger  value was equal t o  the  j e t  dynamic 
It was noted 

Measured 

These data are fo r  a measurement direct ion 120° from the  i n l e t  
The noise reduction 



caused by decreased turbulence in t ens i ty  a t  t h i s  ve loc i ty  r a t i o  of 0.27 would 
be 20 log (l-Vo/VJ) or about 2.7 dB. 
increased loca l  veloci ty  on surface-radiated noise causes a 2 dB predicted 
noise reduction. A s  can be seen from f igure 54(a), applying t h i s  reduction t o  
the s ta t ic  spectrum closely pred ic t s  the  forward-flight spectrum between 50 Hz 
and 1000 Hz frequency. 
spectrum t o  be louder a t  nonzero forward speed. 
there  was no e f f e c t  of forward speed on SPL. 
t r u m  was dominated by tones from the turbofan engines which powered the model. 
Nonzero tunnel speed decreased the turbulence ingested by the fans,  g rea t ly  
reducing t h a t  noise. 
t h a t  paper therefore was predicted as a combination of the e f f ec t s  of decreased 
turbulence l eve l  and increased loca l  mean velocity.  Measured spectrum shape 
i n  forward f l i g h t  war predicted by correcting the amplitude but not changing 
the  frequency. 
highly deflected f laps .  

Combining t h i s  with the  e f f ec t  of 

Below 50 Hz, tunnel background noise caused the 
Between 1600 Hz and 4000 Hz 

A t  higher frequencies the spec- 

The 2 dB decrease of f l a p  impingement noise c i ted  i n  

Apparently, adjustment t o  frequency i s  not needed fo r  noise of 

The e f f ec t  of forward speed on a large upper-surface-blowing model 
t e s t e d  i n  t h i s  wind tunnel a t  simulated takeoff conditions was given i n  
f igure  8 of reference 12. 
reproduced i n  f igure  54(b). 
ment frequency for  the s t a t i c  -velocity spectrum (so l id  curve) yields  the pre- 
dicted spectrum i n  forward f l i g h t  (dash curve). 
da ta  within 22 dB except a t  frequency bands containing engine tones. 
dicted 1.6 dB reduction of OASPL agreed with the  measured 2 dB decrease. 

Spectra f o r  veloci ty  r a t i o s  of zero and 0.165 a r e  
Adjusting both the measured amplitude and measure- 

This  prediction matched the  
The pre- 

Effects of forward f l i g h t  on noise of an upper-surface-blowing model a t  
takeoff def lect ion as measured a t  the  Boeing Co. were reported i n  reference 14. 
These t e s t s  used a nearly sonic (305 m/sec) j e t  exhaust velocity,  so quadrupole 
noise should be important a t  high frequencies. Forward f l i g h t  was simulated by 
placing the wing and exhaust j e t  i n  f ront  of a large low-velocity subsonic 
exhaust nozzle. 
r a t i o s  of 0.16 and 0.26 are  given i n  figure 55(a), taken f?om f igure 14 of 
reference 14. 
cy a t  low frequencies for surface-radiated noise, i n  amplitude only fo r  a com- 
bination of surface and quadrupole noise, and i n  frequency fo r  an a rb i t r a ry  
fa i red  f l a t  peak yields  the two predicted sol id- l ine spectra i n  f igure 55(b). 
These predictions agreed w i t h  data f o r  low frequencies and for  high frequencies. 
Spectrum shape near peak amplitude was poorly predicted, and peak amplitudes 
were underpredicted by 2 t o  4 dB. 
dB near peak amplitude, a s  shown i n  f igure 55(a). 
simulated f l i g h t  veloci ty  agree with the 4.5 and 7.8 dB reductions expected 
(reference 14) for decreased quadrupole noise of an isolated exhaust j e t .  It i s  
not obvious how t o  include t h i s  behavior near peak amplitude i n  a prediction of 
forward f l i g h t  e f fec ts .  

Measured spectra for  zero forward veloci ty  and for  veloci ty  

Adjusting the measured s t a t i c  spectrum i n  amplitude and frequen- 

Measured SPL reductions were about 4 and 7 
These reductions due t o  

The two spectra f o r  d i f f e ren t  f l i g h t  veloci ty  r a t i o s  
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c lea r ly  need d i f f e ren t  adjustments for  l o w  frequencies, high frequencies, and 
near peak amplitude. This same change i n  spectrum shape from a broad, approxi- 
mately single-peaked spectrum t o  a double-peaked shape, and more rapid decrease 
of the lower-frequency peak as veloci ty  r a t i o  was increased, a l so  occurred f o r  
the long-chord configuration reported herein. 

Forward f l i g h t  e f f ec t s  on noise of an upper-surface-blowing model tes ted  
by Lockheed-Georgia Co. were shown i n  f igure 13 of reference 15. Data were 
given f o r  veloci ty  r a t i o s  of zero and 0.25. 
The dash curve represents the  measured s t a t i c  spectrum (sol id  curve) adjusted 
i n  both amplitude and frequency for prediction of the spectrum i n  forward 
f l i g h t .  
1 dB for  most of the frequency bands. 
l y  high subsonic (250 m/sec) exhaust velocity,  use of a quadrupole-noise 
decrease of predicted amplitude a t  high frequencies would have caused worse 
agreement between predictions and forward-flight data. 

These data a re  shown i n  f igure 56. 

Agreement between t h i s  prediction and the measured spectrum was within 
Although these data were for  a r e l a t ive -  

COMPARISON OF MEASURED AND PREDICTED EBF NOISE 
FOR LARGE -SCAWE MODELS 

Discussion of Large-Scale Test Configurations 

]Extensive acoustic data have been obtained by NASA Lewis Research Center 

Data 
for  under-the-wing ex terna l ly  blown f l aps  with a nominal half-scale 0.33 m 
(13 i n . )  diameter conical exhaust nozzle using unheated compressed a i r .  
for  two-flap and three-f lap configurations, a l te red  ve r t i ca l  spacing between 
the nozzle and f lap ,  and several  nozzle types were given i n  reference 20. 
Maximum flyover noise was found t o  be r e l a t ive ly  insensi t ive t o  these geometry 
var ia t ions a t  approach f l a p  deflection. However, some differences occurred a t  
takeoff f l a p  deflection. 
the-wing (UTW) configuration having a mixer nozzle and an upper-surface -blowing 
(USB) configuration having a conical nozzle with def lector  plate .  

This a i r  supply a l so  was used i n  t e s t s  of an under- 

Acoustic data  also have been obtained a t  NASA Lewis Research Center with 
nominal ful l -scale  in s t a l l a t ions ,  The exhaust j e t  supply fo r  those t e s t s  was 
a noise-suppressed TF-34 engine wi th  6:1 bypass r a t io .  
ful l -scale  e f f ec t s  t h a t  might be associated with viscous mixing phenomena of 
the  exhaust j e t .  They a l so  contain whatever compressibility, turbulence, and 
re f rac t ion  e f f ec t s  might be caused by a hot core j e t  containing engine combus- 
t i o n  products. 
based on data obtained wi th  small unheated jets. Configurations tes ted with 
t h i s  engine a re  a three-flap W model with a va r i e ty  of coannular, decayer, 
and mixer-decayer nozzles and an USB model with c i rcu lar  and 4:l  s l o t  nozzles 
and two d i f f e ren t  f l a p  lengths. 

These data include a l l  

Such data provide the bes t  evaluation of prediction meth,ods 
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Large-scale configurations designated by NASA Lewis Research Center f o r  
comparisons of predicted and measured EBF noise were the  half-scale  mixer 
nozzle and two-flap U'IW, fu l l -scale  three-flap u?w, fu l l - sca le  circular-nozzle 
long-flap USB, and slot-nozzle short-flap USB. 
parisons w i l l  be made wi th  data fo r  the QCSEE (Quie t  Clean STOL (or Short-haul) 
Experimental Engine) UTW and USB configurations. 

It i s  a l s o  intended t h a t  com- 

Spectrum Corrections for  Ground Reflection 

Spectrum corrections for  ground re f lec t ion  were investigated with the 
noise-suppressed TF-34 engine and an under-the-wing external ly  blown f l a p  a t  
NASA Lewis Research Center. 
tabulated data were supplied by NASA for  the engine wi th  a mixer-conic nozzle 
and the wing wi th  0O-200-4O0 deflection of the three f l a p  segments. 
data had been corrected fo r  atmospheric absorption only. 
the core and fan exhaust streams and discharged the p a r t i a l l y  mixed flow 
through a convergent conical nozzle. 
microphones mounted i n  an a rc  of 30.5 m (100 f t )  r a d i u s  on posts 2.74 m (9 f t )  
above the paved ground and with three microphones mounted f lush with the ground 
a t  the  same radius.  For wavelengths larger  than twice the  microphone diameter, 
these flush-mounted microphones should have measured complete re f lec t ion  of 
acoustic waves. 
c i e s  of p rac t i ca l  i n t e r e s t .  These microphones t h u s  provided spectra that 
should require a constant correction independent of frequency. Because down- 
ward-radiated noise i s  re f lec ted  by the ground, data from post-mounted micro- 
phones a re  a sum of d i r e c t l y  radiated noise and re f lec ted  noise. These two 
types of noise had approximately equal path lengths so t h e i r  acoustic inten- 
s i t i e s  a t  the microphone posts should have been equal. A t  frequencies where 
these acoustic s ignals  had the  same phase, r e f l ec t ion  should have reinforced 
the d i r ec t  radiat ion and increased the noise t o  6 dB above f r ee  f i e ld .  A t  
other frequencies where the two signals had opposite phase, cancellation should 
have reduced t h e  noise belaw f r e e  f i e l d .  
contain random phasing of the  two s ignals ,  re f lec t ion  should double the 
acoustic i n t ens i ty  and therefore would have increased the  noise t o  3 dB above 
f ree  f i e ld .  
obtained by subtracting t h e i r  measured spectra from those from f l u s h  micro- 
phones a t  the same measurement direct ion and t e s t  condition. 

For t h i s  comparison of data and predictions,  

These 
Th i s  nozzle mixed 

Acoustic data were measured with nine 

Their outputs should be 6 dB above f r ee  f i e l d  a t  a l l  frequen- 

For frequency bands wide enough t o  

The required correction data from post-mounted microphones can be 

This correction was evaluated from the  tabulated data fo r  TO0, YOo, and 
No systematic trend with llOo di rec t ion  angles and f i v e  exhaust ve loc i t ies .  

d i r ec t ion  or veloci ty  was observed. 
one-third-octave band are plot ted as c i r c l e  symbols i n  f igure 57. 
denote the range of data fo r  the  f i v e  ve loc i t ies  a t  90° direct ion.  
correction f o r  post-mounted microphones i n  the  flyover plane was a r b i t r a r i l y  
approximated by four s t r a igh t  l i nes  as shown i n  the  f igure and tabulated below. 

Average values f o r  t h i s  correction i n  each 
The brackets 
This 
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1/3 Octave Center 
F'reuuencg.. IIz 

100 or l e s s  
125 
160 
200 
250 
3 15 

Correction, 1/3 Octave Center 
dB Freauencg. Hz 

-6' 400 
-5 500 
-4 630 
-3 800 t o  2000 
-2 2500 or more 
-I 

Correction, 
dB 

0 
+l 
0 

-1.5 
-3 

The average correction required for frequencies of 2500 €h or larger  was -2.8 
dB, i n  good agreement with the expected -3 dB. 

Sideline noise was measured with microphones on ,overhead booms. The 
nominal wingtip s ide l ine  posit ion was 17.6 m (57.6 f t )  from the  nozzle center- 
l i n e .  Reinforcement and cancellation e f f ec t s  should be unimportant fo r  t h i s  
pos i t ion .  
t h i s  microphone had a path length roughly 1.3 times that  for  d i r e c t l y  radiated 
noise. 
lower than the d i r ec t  signal.  The sum of these two signals would cause mea- 
sured noise t o  be about 2.0 dB above f r ee  .f ield.  

Noise generated a t  the center l ine and re f lec ted  from the  ground t o  

Because of t h i s  longer path length, ref lected in t ens i ty  was about 50% 

Most previous data ,  including those which had been u t i l i zed  t o  determine 
the empirical constants i n  the prediction methods of references 3 and 21, were 
not corrected i n  t h i s  manner. For small-scale data ,  OASPL generally was dom- 
inated by the  portion of t he  spectrum above 800 I-Iz. "hose indicated leve ls  may 
be 1.5 t o  3 dB too high. The prediction method of reference 16 had used large-  
scale  data with OASPL adjusted for  a smoothed prediction of ground re f lec t ions ,  
comprising near ly  3 dB decrease, t o  compensate fo r  t h i s  e f fec t .  
corrected OASPL's measured with the  flush-mounted microphones for t h i s  one 
fu l l - sca le  configuration averaged 4.3 dB l e s s  than those measured with post- 
mounted microphones. 
t ions  because considerable acoustic energy was radiated a t  low frequencies 
where output from post-mounted microphones was 6 dB above background. 

However, 

This large correction occurred f o r  ful l -scale  configura- 

Most s ide l ine  data  were obtained i n  a measurement plane oriented perpen- 
d icu lar  t o  the  engine center l ine.  
vary with sin2+ where 4 i s  the  angle below the  wingtip. Thus the s ide l ine  
va r i a t ion  of surface-radiated noise i s  e a s i l y  obtained from i t s  calculated 
l eve l  i n  the flyover plane @=go0) a t  t h i s  measurement angle (direction = go0). 
I n  contrast ,  quadrupole noise i s  assumed t o  be axisymmetric r e l a t ive  t o  the 
deflected j e t  center l ine,  but the angle between that  center l ine and the  mea- 
surement d i rec t ion  i s  a function of s ide l ine  angle. 
the angle r e l a t i v e  t o  the  deflected exhaust j e t ' s  upstream direct ion i s  given 

Surface-radiated noise would be expected t o  

I n  t h i s  measurement'plane, 

by 
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180° - cos"l( s i n  6 sin+) 

where 6 i s  the  j e t  def lect ion below the nozzle i n l e t .  A s  s ide l ine  angle i s  
varied from 900 (flyover) t o  Oo (wingtip), the measurement angle re la t ive  t o  
the  deflected je t ' s  upstream di rec t ion  decreases from 1800-6to  go0. 
quadrupole noise should change i t s  amplitude and spectrum shape with s ide l ine  
angle. 

Thus the 

EBF Noise Prediction Methods 

Methods fo r  predicting noise beneath EBF configurations'range from 
empirical correlat ions t o  representations of several  types of noise components. 
Several openly available methods, t h e i r  general type, and t h e i r  range of data 
base are  tabulated below and then described i n  greater  de t a i l .  

Methods fo r  Predicting EBF Noise 

Method Ref. Di rec t iv i ty  Velocity Law Data Base 

ANOPP 16 empi r i c a l  vJ6.7 NASA large models 

GELAC 17 empirical NASA, GELAC 
small models 

Noise 3 Y5 analy t ica l  f o r  several ,  NASA small models 
Compcnent each component Vlocal 

ANOPP Method 

I n  t h i s  method, described i n  reference l b ,  OASPL di rec t lybe low an EBF 
(zero azimuth angle, 90° polar angle) was approximated by a var ia t ion with 
impingement veloci ty  t o  the s i x t h  power. 
i n s t a l l a t i o n  i s  defined as the  maximum veloci ty  i n  an isolated j e t  a t  the  ax ia l  
distance where the extended nozzle center l ine in t e r sec t s  the deflected f laps .  
Most of the u1[w models f o r  which data were used had impingement distances of 
7 t  t o  7s diameters, which i s  greater  than the  length of the j e t  po ten t ia l  core. 
Impingement veloci ty  therefore  was l e s s  than the nozzle exhaust velocity;  t he  
r a t i o  of impingement ve loc i ty  V i  t o  j e t  exhaust veloci ty  VJ would be expected 
t o  increase as exhaust Mach number was increased 
Mach numbers and these impingement distances,  V: i s  equivalent t o  VJ6*7. 
Therefore, i n  prac t ice  the ANOPP empirical veloci ty  dependence for  W, VJ 
i s  an e a s i l y  calculated approximation f o r  dipole noise based upon l o c a l  
velocity,  V i  6 . 

Impingement veloci ty  for  an UTW 

For high subsonic exhaust 

6.7 , 
Noise ampli- The veloc i ty  dependence i s  taken as V J ~  f o r  USB. 
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tude i s  scaled d i r e c t l y  with nozzle diameter squared and inversely with f a r -  
f i e l d  distance squared.. Separate equations a re  given t o  represent t he  varia- 
t i o n  of UTW and USB noise amplitude with f l a p  deflection. 

Calculated OASFZ f o r  one measurement posit ion i s  extended t o  a l l  other 
polar and azimuth angles by use of normalized d i r e c t i v i t y  curves for  each f l a p  
deflection. Normalized spectrum curves (referenced t o  OASPL) a re  then u t i l i zed  
t o  calculate spectrum and the spectrumweighted noise levels.  These normalized 
spectra a re  independent of polar angle; they vary with f l ap  def lect ion i n  the 
flyover plane but not i n  t h e  s idel ine plane. 

It should be noted t h a t  OASPL amplitudes calculated by t h i s  method a re  2 
t o  3 dB smaller than those given by an e a r l i e r  version (reference -21) of t h a t  
method. 
large-scale models uncorrected for ground re f lec t ion .  

Constants for  the ea r l i e r  method had been obtained using data fo r  

GELAC Method 

This method (reference 17) ex i s t s  i n  two forms, a hand calculation 
procedure and a computer program. The hand calculation procedure i s  similar 
i n  i t s  usage t o  the ANOPP Method i n  t h a t  noise i s  scaled with nozzle ex i t  area, 
and empirical curves provide d i r ec t iv i ty  and spectra. 
ANOPP Procedure by including a Lockheed-Georgia Co. (GELAC) data base for  which 
nozzle posit ion was extensively varied r e l a t ive  t o  the  wing and flaps.  Also, 
both UTW and USB noise a re  assumed t o  vary with exhaust veloci ty  t o  the s ix th  
power. Azimuthal var ia t ion i s  given only for  90' polar angle. 
base was affected by ground ref lect ion.  

It differs from the  

A l l  of the  data 

The computer program includes a representation of these empirical curves 

An updated version of t h i s  method has been 
plus t r a i l i n g  edge noise and quadrupole noise components a s  with the noise 
component method described below. 
prepared {reference 6) but was not available for  t h i s  evaluation. 

Noise Component Method 

This general c lass  of methods represents t he  t o t a l  noise a s  a sum of 
several  components which a re  acoust ical ly  but not aerodynamically independent. 
Each component has the analyt ic  functional dependence of noise radiat ion from 
a simple geometry. 
lence properties were known for  an EBF deflected exhaust j e t ,  each of these 
noise components could be calculated precisely.  
would e x i s t  between noise radiat ion calculated for  a simple geometry and, mea- 
sured f o r  the  complex EBF geometry. 
veloci ty  and turbulence near each f l a p  segment have not been measured i n  
adequate d e t a i l .  

If the s p a t i a l  d i s t r ibu t ions  of mean velocity and turbu- 

However, differences probably 

Furthermore, t he  s p a t i a l  variations of 

Empirical constants therefore are used within each component 
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t o  represent a combination of both the  unknown je t  exhaust properties (turbu- 
lence leve ls  and r a t i o s  of turbulence scale  lengths t o  nozzle diameter) and 
the unknown interact ions between adjacent f l a p  segments o r  noise components. 
Specializations of the general noise component method have been used success- 
fu l ly  by many invest igators  (e.g., references 3, 6, 22-25) t o  describe noise 
from complex geometries. 

The specif ic  noise component method given i n  reference 3 and used herein 

An e a r l i e r  version of t h a t  method had been 
regards both UTW and USB EBF noise as a sum of f luc tua t ing  lift noise, t r a i l i n g  
edge noise,  and quadrupole noise. 
given i n  reference 24. Direc t iv i ty  shapes and veloci ty  exponents fo r  these 
separate components a r e  shown i n  f igure  58. 
cal led scrubbing noise or  inflow noise,  i s  dominant fo r  UTW, 
d i r e c t i v i t y  of a l i f t  dipole perpendicular t o  each wing and f l a p  chord. From 
crosscorrelat ion of surface and fa r - f ie ld  pressures (reference 2 ) ,  it was con- 
cluded t h a t  these dipoles were f luctuat ing l i f t  noise s imilar  t o  t ha t  from an 
isolated a i r f o i l  w i t h  incident turbulence. For each f l ap  segment, calculated 
{reference 3)  noise var ies  w i t h  l oca l  veloci ty  t o  the s i x t h  power and product 
of nozzle diameter and segment chord. It, a l so  depends on the f l a p  locat ion 
r e l a t ive  t o  the  exhaust j e t .  
l a rge  range of f l a p  geometries and posi t ions.  

Fluctuating l i f t  noise, a l s o  
It has t h e  

Resulting predictions should be val id  f o r  a 

Trai l ing edge noise was included as a noise component t o  explain the 
observed forward-radiated noise i n  d i rec t ions  where l i f t  dipoles associated 
wi th  wing and f l a p  panels have negl igible  strength.  
reference 9 and experimentally i n  reference 25, t r a i l i n g  edge noise i s  one 
l imit ing case of f luc tua t ing  l i f t  noise as the  r a t i o  of chord t o  acoustic wave- 
length approaches in f in i ty .  For comparisons wi th  f ree- f ie ld  data ,  the numeri- 
c a l  constants given i n  reference 3 f o r  calculat ing f luctuat ing l i f t  noise and 8 

t r a i l i n g  edge noise were halved. 

A s  shown ana ly t ica l ly  i n  

Finally,  UIW quadrupole noise i s  generated by two regions: the deflected 
d is tor ted  j e t  and the usually smaller contribution from the i n i t i a l  undistorted 
j e t .  The increase of quadrupole noise above t h a t  f o r  an i so la ted  j e t  was 
taken as tha t  fo r  def lect ing the j e t  w i th  a large so l id  surface (reference 26) 
This increase was approximated semi-empirically. 

To these fundamental components, one must add the noise caused by feedback 
tones and flow attachment devices such a s  j e t  def lectors ,  account f o r  changes 
i n  loca l  ve loc i t ies  caused by use of mixer nozzles, and account for  re f rac t ion  
near the deflected exhaust and re f lec t ion  and shielding of each source by the 
wing (and a t  large azimuth angles by the fuselage). 
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Another EBF noise component method, developed a t  NASA (references 5 and 
Predictions by that method 22), present ly  i s  l imited t o  UTW configurations. 

were not evaluated i n  the comparison presented here. 

Under -the -Wing Mixer Nozzle 

Of the  various geometric changes tes ted  with the  half-scale u?w model, the 

Acoustic and exhaust-velocity 
only one tha t  reduced the  measured OASPL a t  constant exhaust veloci ty  and 
approach f l ap  def lect ion was a mixer nozzle. 
data fo r  t h i s  configuration a re  given i n  references 27 and 28- 
ness was not reduced by t h i s  device. 
dict ing EBF noise (reference 16) does not include the  e f fec ts  of a mixer 
nozzle, the method of reference 3 was applied t o  predicting these data.  Noise 
beneath a U'IW i n s t a l l a t i o n  w i t h  a mixer nozzle i s  calculated by t h a t  method as 
a sum of four types of noise. 
mixer nozzle, increased 3 dB t o  account for  re f lec t ion  from the wing, (2) qua- 
drupole noise of the deflected mixed exhaust j e t ,  calculated from the measured 
mixer nozzle noise, r a t i o  of measured impingement veloci ty  t o  exhaust velocity,  
and t r a i l i n g  f l a p  def lect ion angle, (3) l i f t -d ipo le  scrubbing noise, and 
(4)  t r a i l i n g  edge noise. 
methods given i n  reference 3 but with a specified ra ther  than calculated 
impingement veloci ty  r a t i o .  They were then a r b i t r a r i l y  increased 3 dB as was 
found necessary i n  reference 3 t o  obtain be t t e r  agreement with data fo r  a model 
tes ted  with a mixer nozzle. This increase of surface-radiated noise can be 
a t t r i bu ted  t o  the increased turbulence l eve l  caused by the mixer nozzle. 

L i f t  effect ive-  
Because NASA's interim method for  pre- 

These are (I) quadrupole noise of the isolated 

The l a s t  two types of noise were calculated by the 

The mixer nozzle used i n  the t e s t s  described i n  references 27 and 28 had 
eight  lobes of which the lobe c loses t  t o  the wing was blocked off .  Exit  area 
of the  seven unobstructed lobes was 1255 cm2 (195 i n s 2 )  corresponding t o  a 40 
cm (15.75 in . )  equivalent diameter. The nozzle was tes ted  with unheated a i r ,  
and acoustic data were obtained a t  15.24.m (50 f t )  radius i n  the  flyover plane. 
The nozzle was tes ted  alone and wi th  a wing having 2.08 m (82 in . )  re t racted-  
f l a p  chord and a two-segment trail ing-edge f lap .  

Unpublished t e s t s  a t  NASA Lewis Research Center have established t h a t  
s ign i f icant  ground-reflection e f fec ts  e x i s t  i n  the data tabulated i n  reference 
28. Besides cancellation and reinforcement which causes wavyness i n  the  
spectra  a t  low and mid-frequencies, there  i s  an approximately constant 
increase a t  higher frequencies. 
approximately f ree- f ie ld  between 200 and 1250 Hz frequencies.. 
frequencies they a r e  believed t o  be roughly 2.6 dB above f r ee  f i e l d .  Spectra 
measured wi th  these mixer nozzles were r e l a t ive ly  f l a t ,  wi th  major contribu- 
t i dns  t o  OASPL a t  frequencies from 200 t o  5000 Hz. A s  a crude approximation, 
roughly half the major contribution t o  OASPL was f ree- f ie ld  and the remainder 
was 2.6 dB too large.  Resulting tabulations of OASF'L would then be about 1.1 

The tabulated spectra data a r e  believed t o  be 
A t  higher 
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d B  above the free f i e l d .  
OASPL p lo t ted  here. 
t h i s  report  include the de ta i led  correction supply by NASA Lewis Research 
Center. 

This correction has not been applied t o  the  measured 
However, a l l  measured 1/3 octave spectra presented i n  

Measured overa l l  sound pressure l eve l  (OASPL) d i r e c t i v i t y  fo r  the nozzle 
alone, and w i t h  the wing and re t rac ted  f laps ,  i s  given i n  figure 59 fo r  four 
subsonic pressure r a t io s .  
area-equivalent conical nozzle and f o r  the  nozzle plus wing. 
for  the mixer nozzle alone had been shown i n  references 27 and 28 t o  be i n  good 
agreement with data f o r  a conical nozzle. 
t o  be predicted within about *2 dB by the nethod of reference 11. To f a c i l i t a t e  
t h e  calculat ion of noise for  the mixer nozzle and wing, these calculated 
nozzle OASPL d i r e c t i v i t i e s  were used rather than the  i r r egu la r ly  varying data. 

Also shown are d i r e c t i v i t i e s  calculated for the 
Direc t iv i ty  data 

These da ta  can be seen i n  f igure 59 

Calculated d i r e c t i v i t i e s  fo r  the  nozzle plus wing wi th  re t racted f laps  
were i n  good agreement with data taken d i r e c t l y  below the wing. 
t ions used the peak l o c a l  veloci ty  a t  the ax ia l  location of the t r a i l i n g  edge, 
as  measured i n  the  exhaust without a wing. A t  moderate and small angles below 
the nozzle e x i t ,  measured leve ls  for  the nozzle plus wing were only about 1 dB 
above those f o r  the  nozzle alone. These measured leve ls  were overestimated by 
the calculations which assumed tha t  noise i n  these direct ions was the sum of 
d i r e c t  and re f lec ted  j e t  mixing noise. 
a t t r i bu ted  t o  the velocity-decayed exhaust j e t  downstream of the t r a i l i n g  edge 
was underestimated. 
t o  be dominated by t r a i l i n g  edge noise, was overestimated by 3 t o  5 dB. 
e r ror  probably was caused by lower turbulence levels  near the t r a i l i n g  edge of 
the  re t rac ted  f l ap ,  r e l a t i v e  t o  those which occur when the  f l a p  i s  deflected 
in to  the exhaust. 

These calcula- 

Quadrupole noise above the wing and 

Noise i n  the upper forward quadrant, which i s  predicted 
This 

Measured and calculated spectra fo r  t he  nozzle and wing wi th  re t racted 
f l a p  a r e  compared i n  f igure  60 fo r  pressure r a t i o s  of l.3.and 1.7. 
stown f o r  two d i rec t ions ,  one nearly beneath the  wing and the other a t  maximum 
in t ens i ty  near the exhaust j e t .  
measured nozzle-alone spectra increased 3 dB t o  account fo r  re f lec t ion  (shown 
a s  dash l i n e s ) ,  plus calculated spectra f o r  scrubbing and trail ing-edge noise. 
Calculated spectrum l eve l s  a t  low frequencies near 50 Hz were dominated by 
t r a i l i n g  edge noise and generally agreed with data. 
occurred i n  a l l  spectra a t  100 Hz frequency for  a l l  pressure r a t i o s  and was not 
predicted by the  calculations.  
contributions t o  perceived noise l eve l ,  calculated surface -radiated noise was 
unimportant r e l a t i v e  t o  measured nozzle-alone exhaust noise. Spectra measured 
d i r e c t l y  below the  wing were predicted within about *2 dB, except fo r  frequen- 
c i e s  near 100 Hz, by assuming t h a t  a l l  noise from the nozzle alone was re f lec-  
ted  by the wing. Closer t o  the exhaust direct ion,  measured spectra were over- 
estimated by about 3 dB as would occur i f  t h i s  noise was not ref lected.  

Spectra a re  

Spectra were calculated a s  the  sum of the 

A measured loca l  minimum 

A t  frequencies above 500 Hz which have large 
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Measured and calculated d i r e c t i v i t i e s  a re  shown i n  f igure 61 for  10' vane 
and 20° f l ap  deflection. 
reference 3, the  d i r e c t i v i t y  pat tern of d i r ec t  and re f lec ted  noise radiat ion 
from the mixer nozzle exhaust j e t  had been assumed t o  be unaffected by the 
f l ap .  Only the  impingement noise (impact noise) caused by def lect ion of the  
velocity-decayed j e t  was rotated through f l a p  angle. 
t h i s  large mixer nozzle in s t a l l a t ion ,  the measured noise leve ls  d i r e c t l y  
beneath the wing were underpredicted and the  shape of the calculated direc-  
t i v i t y  was i n  poor agreement with data. 
61 were obtained by ro ta t ing  a l l  quadrupole noise d i r e c t i v i t i e s  through the 
f l a p  def lect ion angle. 
w i t h  data.  
t i ons  near the deflected exhaust j e t ,  as with the  similar overprediction fo r  
the  wing with re t rac ted  f lap .  
the  wing, where nozzle exhaust noise and impingement noise could radiate  
through the f l a p  s l o t s  ra ther  than being shielded. 

I n  the UlW mixer nozzle calculations given i n  

When t h i s  was t r i e d  f o r  

, 

The calculated curves shown i n  f igure 

Resulting predictions generally a re  i n  good agreement 
'Predictions a re  too  high a t  the  larger  pressure r a t i o s  fo r  direc-  

Calculated leve ls  were too  low above and behind 

Measured and calculated spectra for  t h i s  f l a p  def lect ion and pressure 
r a t i o s  of 1.3 and 1.7 are  given i n  f igure  62 fo r  two direct ions.  
were reasonably predicted beneath the wing b u t  were underestimated a t  high 
frequencies a t  the 125' maximum-intensity direct ion.  
the  wing were systematically underestimated by 3 or  4 dB between about 200 and 
630 Hz frequencies. 

The spectra 

Also, spectra beneath 

Measured and calculated d i r e c t i v i t i e s  for  30' vane and 60' f l a p  def lect ion 
The measured shape beneath the wing resembles tha t  fo r  a r e  given i n  f igure 63. 

a l i f t  dipole oriented normal t o  the vane. Amplitude of t h i s  noise was under- 
estimated by the calculations.  
overestimated, a s  wi th  the  smaller f l a p  deflections.  Measured and calculated 
spectra fo r  t h i s  configuration a t  pressure r a t i o s  of 1.3 and 1.7 a re  given i n  
f igure 64. 
were i n  good agreement, spectra a l so  were i n  good agreement. I n  the d.irection 
40' below the nozzle i n l e t ,  where measured OASPL's were underestimated 2 t o  3 
dB, measured spectra were underestimated 6 t o  7 dB i n  the 125 t o  1250 Hz 
frequency range. Surface-radiated noise scaled t o  the  hydraulic diameter of 
one mixer-nozzle lobe would be l i k e l y  t o  have peak amplitude i n  t h i s  frequency 
range. 

Quadrupole noise near the deflected j e t  was 

Direct ly  beneath the wing, where calculated and measured OASPL's 

An a l t e rna te  method for  predicting noise of t h i s  mixer nozzle in s t a l l a t ion  

That configuration had l i nea r  dimensions 0.15 times those of the large 
would be t o  sca le  the  available data from the  small-scale model of reference 
29. 
model. Data from the small model were scaled by use of equation (10) of ' refer-  
ence 16' as recommended f o r  UTd ins ta l la t ions .  
assumed t o  vary d i r e c t l y  wi th  nozzle ex i t  area,  inversely with fa r - f ie ld  r ad ius  

Acoustic in tens i ty  thus was 
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squared, and d i r e c t l y  with e x i t  ve loc i ty  t o  the  6.7 power. 
comparison f o r  30' vane and 60° f l a p  def lect ion,  a t  pressure r a t i o s  of 1.3 and 
1.7, i s  given i n  figure 65. A s  shown i n  the upper p a r t  of t h i s  f igure,  OASF'L 
d i r e c t i v i t y  obtained from the  small model had the  same general shape as t h a t  
for  the  la rge  model but  was 2 t o  3 dB low. Spectra measured i n  t h e  direct ion 
80° beneath the small model and scaled t o  the  large model were 4 t o  6 dB low. 
For t h i s  d i rec t ion ,  calculated spectra obtained from the  i so la ted  large mixer 
nozzle's measured spectra and measured veloci ty  decay were i n  much be t t e r  
agreement with large-model data. 

The resu l t ing  

Noise reduction fo r  t h i s  wing posi t ion and f l a p  deflection wi th  a mixer 
nozzle, r e l a t i v e  t o  tha t  f o r  a conical nozzle, had been reported in.references 

27 and 28 This reduction i n  perceived noise l eve l  (PXL) i s  explained by the 
decrease of calculated surface-radiated OASPL and quadrupole impactlloise 
OASPL associated w i t h  decreased impingement velocity.  The decrease of PNL was 
l e s s  than the  decrease of OASPL because, a t  these r e l a t i v e l y  low exhaust 
ve loc i t ies ,  the  mixer nozzle s h i f t s  quadrupole noise from low frequencies i n t o  
the  high-annoyance mid-frequency range. A t  smaller f l a p  def lect ions where 
surface-radiated noise and impact noise was r e l a t ive ly  l e s s ,  the decrease of 
PNL caused by reduced impingement veloci ty  was near ly  compensated by the 
nozzle-alone increase. Calculated spectra for  direct ions t h a t  were reported 
i n  reference 4 t o  yield peak PNL and maximum flyover PNL were dominated by 
quadrupole noise. T h i s  predicted importance of quadrupole noise i s  ver i f ied 
by the measured var ia t ions of PNL wi th  nozzle exhaust veloci ty  t o  the eighth 
and ninth power as  shown i n  f igures  22 and 23 of reference 28. 

Under -the -Wing Three -Flap Model 

The under-the-wing i n s t a l l a t i o n  tes ted  wi th  the noise-suppressed TF-34 
engine and described i n  references 30 and 3 1  i s  shown i n  figure 66(a). Nozzle 
configurations included the coannular nozzle sketched, plus decayer and mixer- 
decayer nozzles. 
exhaust j e t s  while a decayer nozzle mixes the outer a i r  wi th  the engine 
exhaust.) 
(12.75 f t )  chord a t  the engine center l ine  with the  f laps  re t racted.  
segment trail ing-edge f l a p  was tes ted  retracted and with O0-2Oo-4O0 and 150- 
35O-55O deflection. 
over plane beneath the  nozzle. 
spheric absorption. 

( In  t h i s  notation, a mixer nozzle mixes the core and fan 

These nozzles were t e s t ed  w i t h  a 25' sweptback wing having 3.9 m 
The three-  

Data were obtained a t  30.5 m (100 f t )  radius i n  the  f l y -  
Acoustic data were corrected by NASA f o r  atmo- 
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To evaluate the basic  concepts of the  noise prediction method for  a wing 
tes ted  i n  an unmixed engine exhaust ra ther  than with unheated compressed air ,  
some comparisons were made f o r  tests t h a t  used the  simple coannular nozzle. 
M a x i m u m  PM, during a simulated 152 m (500 ft) flyover was shown i n  f igure lg(a)  
of reference30 f o r  t he  engine alone with t h i s  nozzle and for  the engine and 
nozzle with the wing a t  a l l  th ree  f l a p  deflections.  
here as f igure 66(b). 
because r e l a t ive  differences between these curves, ra ther  than absolute levels ,  
are examined. 
re f lec ted  engine-alone noise should &ominate the portion of the  frequency 
spectrum t h a t  i s  heavily weighted i n  calculating PNL, 
would then be expected t o  be t h a t  fo r  the  engine alone plus 3 dB f o r  re f lec t ion  
from the wing surface. A s  shown i n  the f igure,  t h i s  simple estimate i s  within 
1.5 PNdB of data. 

These data are  reproduced 
They have not been corrected f o r  ground re f lec t ion  

For the  wing with retracted f laps ,  d i r e c t l y  radiated plus 

Maximum flyover PNL 

Maximum flyover PNL for  t h i s  nozzle and 40' t r a i l i n g  f l a p  deflection was 
shown i n  f igure 22(d) of reference 3Q t o  occur a t  a measurement direct ion 40° 
closer  t o  the i n l e t  than t h a t  fo r  the  engine alone. Both of these maxima thus  
occurred a t  roughly the same direct ion re la t ive  t o  the deflected exhaust j e t .  
Velocity decay of the exhaust j e t  a t  the f l a p  leading-edge a x i a l  locat ion was 
shown i n  f igure 8 of reference 30 t o  be negligible with t h i s  exhaust nozzle. 
Again assuming t h a t  PNL i s  dominated by quadrupole noise, t h i s  noise would be 
predicted t o  be increased over t h a t  for  the engine alone by 3 + 10 log(1 + 
12 sin2b) dB. The j e t  def lect ion angle8  was taken a s  the angle between the 
nozzle center l ine and the t r a i l i n g  f lap.  Resulting calculated increases of 
11.5 dB a t  40° f l a p  angle (45' je t  def lect ion)  and 13.0 dB a t  55' f l a p  angle 
(60° j e t  def lect ion)  a r e  shown i n  f igure 66(b) t o  be i n  good agreement with 
data. 

Tabulated uncorrected spectra were supplied by NASA Lewis Research Center 
f o r  40° a f t  f l ap  deflection. 
OASPL with direct ion angle, it i s  useful t o  examine corrected spectra measured 
a t  goo azimuth d i rec t ion  i n  (or nearly i n )  the flyover plane. 
a re  given i n  f igure 67 for  th ree  mass-averaged exhaust ve loc i t ies  and two 
types of measurements. The c i r c l e  symbols a re  fo r  microphones mounted on 
posts ; spectra  were corrected for ground re f lec t ions  by the frequency-dependent 
empirical correction shown i n  f igure 57. 
with microphones flush-mounted i n  a hard surface along the ground i n  an 
azimuthal plane loo away from the flyover plane. 
with the flush-mounted microphones were decreased 6 dB t o  correct  for  in-phase 
r e f l ec t ion  of sound waves a t  a l l  frequencies. Corrected spectra obtained by 
these two methods generally were i n  good agreement, with la rges t  differences 
a t  the lowest velocity.  

Before evaluating the var ia t ion of measured 

These spectra 

The t r iangle  points were measured 

Acoustic pressures measured 
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More important, note the var ia t ions of spectrum shape with velocity.  
spectra  measured a t  230 m/sec were r e l a t i v e l y  smooth and resembled those from 
small-scale models. Maximum amplitude occurred within a broad peak extending 
between about 100 t o  400 Hz frequencies. 
l y  sharp peak centered a t  80 Hz protruded above the  smooth shape. 
of the  OASPL measured between 50 and 20,000 Hz was caused by t h i s  peak region 
between 50 and 100 Hz. 
l a rger  than what should be a t t r ibu ted  t o  the  external ly  blown f l ap .  
the  exhaust veloci ty  t o  122 and (not shown here) 108 m/sec sh i f ted  t h i s  peak 
t o  the 50 Hz one-third-octave band. This addi t ional  low-frequency noise 
decreased l e s s  rapidly w i t h  exhaust veloci ty  than did the smooth peak, and it 
dominated the  measured OASPL. Because of the  large contribution of t h i s  sharp 
peak and the r e l a t i v e l y  large contributions t o  OASPL expected from portions of 
the smoothed spectrum below 50 Hz, corrected O A S P L ' s  were not calculated for  
122 m/sec and lower exhaust ve loc i t ies .  
excluding the  50, 63, and 83 Hz bands, while f o r  230 m/sec they were calculated 
using a l l  of the measured frequency range. 
frequency hump between 6300 and 10,000 Hz a t  the lower exhaust ve loc i t ies .  
This high-frequency noise probably was engine turbine tones. 
disappeared within the  smooth spectrum a t  167 m/sec exhaust velocity.  

The 

I n  contrast ,  a t  167 m/sec a r e l a t ive -  
Roughly half 

Clearly, OASPL a t  t h i s  veloci ty  would be about 3 dB 
Decreasing 

For 167 m/sec they were calculated 

These spectra a l so  contain a high- 

It had almost 

Corrected OASPL d i r e c t i v i t i e s  i n  the flyover plane fo r  167 and 230 m/sec 
exhaust ve loc i t ies  a re  compared i n  f igure 68 w i t h  predictions by several  
methods. Corrected leve ls  measured wi th  post-mounted and with flush-mounted 
microphones generally agreed within -1 dB. The NASA ANOPP method of reference 
16 and the method evaluated i n  t h i s  report  were i n  good agreement with these 
data. 
spec i f ic  data  fo r  90' azimuth angle were used i n  developing t h a t  method. 
calculated d i r e c t i v i t y  curve shown i n  f igure 68 for  t h i s  method was obtained 
by interpolat ing between the curves given i n  f igure 13 of reference 16' fo r  20' 
and 60' f l a p  angle. The predicted minimum near 120° does not match the data  
and was caused by the  large minimum near t h i s  d i rec t ion  fo r  60° f l a p  angle. 
The GELAC method of reference 17overestimates these data by about 10 dB. 

+ 

Good agreement had been expected for  the ANOPP method because these 
The 

Measured and calculated var ia t ions of corrected OASPL w i t h  s idel ine 
angle, i n  the azimuthal plane perpendicular t o  the nozzle center l ine,  a re  
given i n  f igure 69. A l l  three methods predict  the measured trend; the ANOPP 
method and the  method of t h i s  report  predict  the measured levels .  For surface- 
radiated noise varying w i t h  sine squared of the angle from the  s ide l ine  plane, 
decreases of 4, 7, and 14.5 dB below the  leve ls  measured i n  the flyover plane 
would be expected a t  the  three measurement angles near the  s ide l ine  plane. 
4 dB decrease predicted f o r  38.8' angle d id  occur, but only about 7 dB t o t a l  
decrease occurred a t  the  angle c loses t  t o  the  s ide l ine  plane. 
evaluated i n  t h i s  report  predicts  tha t  noise a t  shallow angles from the  

The 

The method 



s ide l ine  plane i s  dominated by quadrupole noise from the deflected je t  as  
viewed from the side.  
t h i s  quadrupole noise f loor .  

Surface-radiated noise i s  predicted t o  decrease below 

Corrected spectra for three s idel ine angles and three exhaust ve loc i t ies  

Spectra calculated by the ANOPP method are  shmn only 
are  compared i n  f igure 70 with predictions by the  NASA ANOPP method and by the  
method of t h i s  report .  
for  looo and 10.9' angle r e l a t ive  t o  the s ide l ine  plane because normalized 
spectra a re  given i n  f igure 15 of reference 16 for  only 90' and 0' angles. 
122 and 167 m/sec exhaust ve loc i t ies  shown i n  f igure 7O(a) and (b) ,  the high- 
frequency portions of spectra calculated by the two methods approximately 
agree. However , measured one-third-octave spectrum levels  often were about 
5 dB larger  than the  predictions.  Predicted spectra were calculated by use of 
generalized spectra normalized r e l a t ive  t o  OASPL. For t h i s  fu l l - sca le  config- 
uration a t  low exhaust ve loc i t ies ,  an appreciable contribution t o  OASPL was 
predicted by the method examined i n  t h i s  report  t o  occur a t  frequencies below 
50 Hz. However, measured OASPL was determined only for  the measurement range 
above tha t  frequency. Thus it was possible t o  have good agreement between 
measured corrected OASPL and the predictions but r e l a t ive ly  poor agreement 
between measured and predicted spectra. 
7O(c)), spectra calculated by the  ANOPP method were about 3 dB larger than 
those for  the method of t h i s  report .  The spectrum measured near the flyover 
plane was i n  good agreement with calculations by the  ANOPP method; the  
empkrical normalized spectrum for 40' f l a p  deflection had been drawn through 
these data. Spectra measured a t  direct ions closer  t o  the s idel ine plane had a 
l e s s  rapid decay than was predicted by e i the r  method. 
noise component method examined i n  t h i s  report  i s  t h a t  the spectrum shape of 
quadrupole noise from a deflected exhaust j e t  i s  assumed t o  be independent of 
s idel ine angle. This incorrect  assumption causes poor predictions of spectrum 
shape a t  small angles from the  s idel ine plane. 

A t  

A t  230 m/sec exhaust veloci ty  ( f igure 

One weakness of the 

A comparison between calculated and measured d i r e c t i v i t i e s  and spectra for  

The small-scale model was tes ted a t  a smaller (18°-200-250) and a larger  
a small-scale model of t h i s  three-flap UTW configuration i s  given i n  reference 
32. 
( 8 O - 5 5 O - 6 5 O )  def lect ion than for  the data j u s t  presented. 
deflection, the l a s t  f l a p  segment extended fur ther  i n to  the exhaust j e t  than 
did the l a s t  segment of two-flap models which form the  data base for  the 
ANOPP method (reference 16) or the GELAC method (reference 17). Measured 
OASPL d i r e c t l y  beneath the wing, a t  t h i s  f l a p  deflection, was underestimated 
about 4 dB by the method of t h i s  report  but was underestimated about 10 dB by 
the other two methods. All methods generally matched the  data for  the  larger  
f l a p  deflection. 
tude, closely matched the spectra measured with a half-scale cold-jet  model. 

A t  the  smaller 

Spectra for  t h i s  small model, scaled i n  frequency and ampli- 
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Surface pressure f luctuat ion spectra had been measured on the lower 
surface of these f l aps  tested with the  TF-34 engine (reference 33). A s  i n  the  
small-scale tests described i n  reference 1, m a x i m u m  overa l l  i n t ens i ty  occurred 
roughly where a l i n e  p a r a l l e l  t o  the  exhaust center l ine,  and extended from the 
nozzle upper l i p ,  would in t e r sec t  the f l a p  surface. 
upstream from the second f l a p  segment t o  the  f irst  segment as f l a p  def lect ion 
was increased from takeoff (O0-2Oo-4O0) t o  landing (15°-350-550). 
t r a i l i n g  edge, maximum surface pressure f luctuat ions occurred roughly one 
nozzle radius t o  the s ide of the center l ine plane. 
interpreted i n  reference 1 as caused by pressure f luctuat ions generated by the 
j e t  mixing process, impressed against  the f laps ,  and damped by convection 
along the solid-surface f laps .  

This posi t ion moved 

Near the  

This behavior had been 

Measured pressure f luctuat ions of about 165 dB for  both f l a p  deflections 
a t  235 m/sec (770 f t / s ec )  exhaust veloci ty  were reported i n  reference 33. 
These were s ta ted  t o  correspond t o  a n  rms s t a t i c  pressure f luctuat ion of 0.2 
times the exhaust dynamic pressure, which i s  twice the maximum leve l  generally 
reported fo r  f l aps  tes ted  with cold j e t s .  Taking the viewpoint t ha t  the f luc -  
tuat ions a re  caused by mixing between t h e  outer a i r  and the fan exhaust skream, 
the  relevant dynamic pressure should not be the 1880 kg/m2 (385 l b / f t 2 )  average 
value fo r  the p a r t i a l l y  mixed hot core and cooler fan exhaust a t  the nozzle 
ex i t .  The la rger  value of 3450 kg/m2 (706 lb / f t2 )  corresponding t o  average j e t  
veloci ty  and ambient a i r  densi ty  would be a more appropriate dynamic pressure. 
A pressure f luctuat ion 1% of t h i s  quantity would be 164.6 dB, i n  agreement 
wi th  measured maximum leve ls  along the  centerline.  
sured leve ls  of about 161 dB a t  1.3 nozzle r a d i i  t o  the  side of the center l ine 
correspond t o  0.065 times the revised dynamic pressure. 
typ ica l  maximum l e v e l  i n  the mixing region of an isolated exhaust j e t .  
eddy convection speeds of 0.5 t o  0.9 times the exhaust veloci ty  were reported 
i n  reference 28 for  the  fu l l - sca le  f laps  and TF-34 engine exhaust. 
w i t h  the convection speed r a t i o  of 0.8 reported ' in  reference 1 for  t e s t s  with 
a small unheated j e t .  

Further a f t ,  maximum mea- 

This r a t i o  i s  a 
Measured 

These agree 

The major r e s u l t  from t h i s  comparison i s  t h a t  surface pressure f luctua-  
t ions  on ex terna l ly  blown f l aps  scrubbed by the exhaust of a turbofan engine 
can be scaled from data for small unheated j e t s  i f  dynamic pressure i s  based on 
average exhaust ve loc i ty  and atmospheric density. If t h i s  dependence on 
external a i r  density ra ther  than hot exhaust-gas densi ty  i s  neglected, surface 
pressure f luctuat ions would be underestimated by about 6 dB. 
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Upper Surface Blowing 

Noise Radiation I 'atterns 

Upper-surface -blowing in s t a l l a t ions  t e s t ed  with the noise -suppressed TF-34 
engine and described i n  references 33 and 34 a re  sketched i n  f igure 71. 
engine core exhaust was passed through a twelve lobe mixer nozzle t o  provide a 
nominally uniform engine exhaust. Two e x i t  nozzles were used: a c i rcu lar  
nozzle with def lector  and a 4:l s l o t  nozzle canted 20° r e l a t i v e  t o  the engine 
center l ine,  The s l o t  nozzle had about 15% larger  e x i t  area.  Each nozzle was 
tes ted  wi th  the  two f l a p  configurations shown i n  the  lower par t  of f igure 71. 
The short  f l a p  was on an unswept wing and provided e i the r  80, 40°, or 75' de- 
f l ec t ion  of the  upper surface a t  the t r a i l i n g  edge. The long f l a p  was tes ted  
on a 25O sweptback wing tha t  would have had the  same retracted wing chord and 
nozzle location. With 40' upper surface def lect ion a t  the  t r a i l i n g  edge, the 
distance from the nozzle e x i t  t o  the  f l a p  t r a i l i n g  edge was 5.0 c i rcu lar -  
nozzle diameters fo r  the  long f l a p  and 3.2 for  the  short  f lap .  Acoustic data 
were supplied by NASA f o r  the short  f lap ,  s l o t  nozzle and long f lap ,  c i rcu lar  
nozzle configurations a t  40' f l a p  deflection. 
measured with microphones f lush  with the ground. They were corrected by NASA 
for  ground re f lec t ion  and atmospheric attenuation. 

The 

Data for  the flyover plane were 

Noise calculat ions were conducted by the method of reference 3 for  USB 
configurations with c i r cu la r  nozzles. 
was neglected. 
downstream of the t r a i l i n g  edge was a r b i t r a r i l y  increased by twelve times the  
s ine  squared of the  cant angle as fo r  quadrupole impact noise. This change, 
amounting t o  a 3.8 dB increase,  was found i n  reference 3 t o  provide be t t e r  
agreement with data fo r  upper surface blowing wi th  a small 5 :1 s l o t  nozzle. 
Calculations were conducted for  the trail ing-edge veloci ty  r a t i o s  measured 
a t  the trail ing-edge distance fo r  the ac tua l  configurations. For the  s l o t  
nozzle and short  f lap ,  typ ica l  measured maximum veloci ty  r a t i o s  ranged from 
1.01 t o  1.02. These a r e  not s ign i f icant ly  d i f fe ren t  from the  value of 0.997 
calculated f o r  the  same a x i a l  distance i n  an i so la ted  j e t .  
nozzle and long f l a p  had measured peak veloci ty  r a t i o s  of only about 0.76 as 
compared with a calculated r a t i o  near 0.98. 

The e f f ec t  of wing sweepback on noise 
Quadrupole noise from the  canted s l o t  nozzle's exhaust j e t  

The c i rcu lar  

Measured noise rad ia t ion  pat terns  f o r  the  TF-3 ngine and c i rcu lar  
. nozzle with def lector  and long f l a p  at  40' deflection a re  compared with pre- 

dict ions i n  f igure  72. 
above 50 Hz one-third-octave center frequency. Because the measured spectra 
of t h i s  fu l l - sca le  configuration had maximum amplitudes near 100 €Iz frequen- 
c ies ,  it i s  l i k e l y  t h a t  s ign i f icant  acoustic energy was radiated a t  frequen- 
c i e s  below those f o r  the measurements. The t r u e  OASPL was estimated as 1 t o  

The open symbols are OASF'L of the spectra as measured 
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2 dB above these data. Measured radiat ion pat terns  
i n  the lower forward quadrant bu t  had a peak i n  the 
This peak had m a x i m u m  amplitude about 20' below the  
and was most prominent a t  high exhaust veloci t ies .  
amplitude varied approximately with veloci ty  t o  the  
t i v i t y  shape and veloci ty  dependence are typica l  of 
deflected exhaust j e t .  

were r e l a t i v e l y  constant 
lower aft  quadrant. 
deflected t r a i l l n g  edge 
I n  these direct ions,  
eighth power. The direc-  
quadrupole noise from a 

Noise rad ia t ion  pat terns  were calculated from the model geometry and the 
This r a t i o  caused the  measured maximum trail ing-edge veloci ty  r a t i o  of 0-76. 

calculated surface-radiated noise t o  be 6 t o  7 dB less than would have been 
obtained wi th  the veloci ty  r a t i o  predicted for  an i so la ted  jet .  
f igure 72(a) 
beneath the wing. 
9 dB underestimate a t  120' di rec t ion  and t h e  larger  veloci t ies .  

A s  shown i n  
measured amplitudes were underestimated about 3 dB d i r e c t l y  

The a f t  quadrupole peak was not predicted, causing up t o  

Noise radiat ion pat terns  a l so  were predicted by the  NASA ANOPP method of 
reference 16 and the GELAC method of reference 17, and by scaling the data 
from small-model t e s t s  of references 35 and 36. Although these models had 
r e l a t i v e l y  longer f laps  than those of the  fu l l - sca le  in s t a l l a t ions ,  they were 
the only ones for  which data were openly avai lable .  These patterns a re  
compared w i t h  the  fu l l - sca le  data i n  f igure 72(b). 
amplitudes i n  the  lower forward quadrant were closely predicted by the ANOPP 
method. The a f t  peak was not predicted, and about 5 dB underestimate of 
amplitude occurred. 

Di rec t iv i ty  shapes and 

Small-model data from references 35 and 36 for  60° and 20' a f t  f l ap  
def lect ion,  respectively,  were averaged t o  provide an estimate of noise radia 
t i on  fo r  40° deflection. The r a t i o  of f l a p  length t o  nozzle diameter for  the 
small models was about 1.4 times t h a t  fo r  t he  fu l l - sca le  model. A s  i n  the 

method of reference 16, sound in t ens i ty  was scaled w i t h  exhaust veloci ty  t o  
the s ix th  power, nozzle area t o  the first power, and fa r - f ie ld  rad ius  t o  the 
inverse second power. 
sol id  symbols fo r  the two ve loc i t ies  c loses t  t o  those f o r  which tabulated 
small-scale data had been provided by NASA. 
w i t h  ANOPP predictions fo r  a l l  direct ions and with large-scale data for  the 
lower forward quad.rant. 
do not contain the  prominent a f t  peak. 

The resu l t ing  scaled data a re  shown i n  f igure 72(b) as 

They a r e  i n  excellent agreement 

A s  w i th  the two ana ly t ica l  prediction methods, they 

Measured noise rad ia t ion  pat terns  f o r  the  TF-34 engine w i t h  canted 4:l 
s l o t  nozzle and short  f l a p  a t  40° deflect ion a r e  compared wi th  predictions i n  
f igure  73. This configuration was about 4 dB louder than the c i rcu lar  nozzle 
with deflector and long f l ap ,  fo r  which data were given i n  f igure 72. 
a l s o  were given i n  reference 29 f o r  the other two combinations of nozzle 
shape and f l a p  length. 

Data 

It was shown tha t  increased noise was associated with 
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the  short  f l a p  ra ther  than the s l o t  nozzle. 
r a t i o  for  both short-f lap configurations was approximately equal t o  unity. 
A s  shown i n  f igure 73(a), the method of th i s  report  c losely predicted the  
measured noise radiat ion pat tern i n  the laver forward quadrant, except for  
about 2 dB overestimate a t  the highest velocity.  The a f t  peak was under- 
estimated by 3 t o  6 dB. 

Maximum trail ing-edge velocity 

Predictions by the NASA ANOPP and GELAC methods, and with scaled small- 
model data, are  shown i n  f igure 73(b). 
length as a parameter. 
larger  than t h a t  for the c i rcu lar  nozzle with deflector because the s l o t  
nozzle had a larger  exhaust area.  
lower forward quadrant and the  highest exhaust veloci ty  but underestimated 
these data a t  lower ve loc i t ies .  
method of t h i s  report ,  varied approximately with exhaust veloci ty  t o  the  f i f t h  
power for  t h i s  range of direct ion and velocity.  
var ia t ion i s  specified i n  the NASA ANOPP and GELAC methods. 

The ANOPP method does not include f l a p  
Its prediction a t  constant exhaust veloci ty  was 0.6 dB 

This prediction agreed with data for the 

Measured noise, and t h a t  calculated by the  

I n  contrast ,  a s ix th  power 

Small-model data from the aspect r a t i o  5:1, 20' f l a p  deflection canted 
s l o t  nozzle configuration of reference 37 were scaled a s  a reference model 
for  the aspect r a t i o  4:1, 40' f l a p  deflection fu l l - sca le  model. The r a t i o  
of f lap length to nozzle hydraulic diameter was near ly  S i 9  times f u l l  scale.  

Thus the small-scale model had a r e l a t ive ly  long f l a p  compared with tha t  for  
the ful l -scale  tests.  Scaled data ,  shown i n  f igure 73(b) f o r  two ve loc i t ies ,  
agreed with fu l l - sca le  data d i r e c t l y  below the wing but did not reproduce the 
peak near the deflected j e t .  
underestimate of t h i s  peak. 

Use of these data provided only about 3 dB 

Noise radiat ion pat terns  were given i n  reference 34 f o r  fu l l - sca le  upper 
surface blowing configurations tes ted  with the noise-suppressed TF-34 engine, 
Wings having short  or long f laps ,  8O, 40°, or 75' a f t  f l a p  deflection, and 
c i rcu lar  or s l o t  nozzles a l l  had a peak of quadrupole noise located about 30° 
beneath the  deflected j e t .  
models (references 35-37 ) or nominal half  -scale models (reference 38 ) t ha t  
used unheated compressed a i r  i n  the exhaust j e t .  The cause of t h i s  strong 
quadrupole noise lobe below the engine's deflected exhaust i s  not known. 
engine's turbulence l eve l  presumably cannot be blamed because sur faceradia ted  

This peak d i d  not occur i n  t e s t s  of small-scale 

"he 

noise i n  t h e  forward quadrant was 
t e s t s  have been conducted a t  NASA 
t h a t  c losely reproduced the large 
tests a r e  believed t o  match those 

Spectra i n  Flyover Plane 

adequately predicted. Subsequent unpublished 
Lewis Research Center of a small-scale model 
model's geometric shape. 
for the large model. 

Results of these 

Spectra measured a t  three direct ions i n  t h e  flyover plane, with the 
c i rcu lar  -nozzle and s l o t  -nozzle configurations , a r e  given i n  f igure 74. Data 
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a re  p lo t ted  f o r  exhaust ve loc i t ies  of 241 and 179 m/sec (792 and 588 ft/sec) 
fo r  the  c i rcu lar  nozzle and 242 and 168 m/sec (795 and 550 f t / s ec )  f o r  the 
s l o t  nozzle. 
and 1.2, respectively.  
investigated i n  t h i s  repor t  ( so l id  l i n e s )  and the NASA ANOPP method of 
reference s6 (dash l i nes ) .  
the same normalized shape f o r  a l l  measurement d i rec t ions  i n  the  flyover plane 
and f o r  a l l  exhaust ve loc i t ies .  
report  have normalized shapes t h a t  depend on the  calculated r a t i o  of surface- 
radiated noise t o  quadrupole noise f o r  each selected d i rec t ion  and velocity. 
Spectra obtained by scaling the small-model data from references 35-37 a re  
shown as so l id  symbols. 
c i rcu lar  nozzle and both 20° and 60° t r a i l i n g  f l a p  def lect ion angle were 
averaged t o  obtain spectra for  400 deflection. Tabulated data f o r  the  s l o t  
nozzle and 200 f l a p  def lect ion were u t i l i zed  fo r  40° deflection. 
both configurations a t  the same measurement d i rec t ion  a r e  shown on the same 
Page 

These ve loc i t ies  correspond t o  exhaust pressure r a t i o s  near 1.45, 
A l s o  p lo t ted  are spectra calculated by the method 

Spectra calculated by the  NASA ANOPP method have 

Spectra calculated by the  method of t h i s  

A s  w i th  the  scaled OASPL, tabulated data for  the 

Data fo r  

Spectra f o r  60° measurement direct ion and the  c i rcu lar  nozzle with long 
These spectra were closely predicted (about f l a p  are given i n  f igure  74(a) .  

2 dB underestimate) by the NASA ANOPP method except f o r  an apparent background 
noise f loor  a t  high frequencies. 
estimated the data by about 6 dB a t  frequencies near 2000 Hz t h a t  a r e  heavily 
weighted when calculat ing perceived noise levels .  
from references 35-37 gave a close prediction of f u l l  scale  data below 400 Hz 
frequency. However, the  scaled small-model data decreased much more rapidly 
a s  frequency was increased. 
s l o t  nozzle and short  f l ap  a re  given i n  f igure 74(b). The NASA ANOPP method 
again gave only several  dB overestimate, b u t  the method of t h i s  study gave a 
closer prediction fo r  t h i s  conficuration. 
worse agreement wi th  fu l l - sca le  spectra and had too rapid a spectrum decay. 

The method of t h i s  investigation under- 

Scaled small-model data 

Spectra for  t h i s  measurement direct ion and the  

Scaled small-model spectra were i n  

Spectrum comparisons d i r e c t l y  below the  wing a t  goo measurement d i rec t ion  
are given i n  figures 74(c) and (d).  
60°, with the NASA ANOPP method c loses t  f o r  the c i rcu lar  nozzle and long f l a p  
and the method of t h i s  study c loses t  for  t he  s l o t  nozzle and short  f lap.  Each 
mekhod Wac: about 7 dB too low for t he  opposite configuration. Scaled small- 
model data from references 35-37 decayed too rapidly and would give the worst 
underestimate of perceived noise leve l .  This discrepancy may have been 
caused by differences i n  r a t i o  of f l a p  length t o  nozzle diameter and i n  
def lector  shape between the la rge  and small models. 

Predictions were somewhat worse than a t  



Spectra fo r  E O o  measurement d i rec t ion  and the  c i rcu lar  nozzle with long 
f l a p  are shown i n  f igure  74(e). 
had been la rges t  i n  t h i s  direction. 
underestimate the  data by about 9 and 6 dB, respectively. 
corresponds t o  the  decrease of quadrupole noise calculated for the  exhaust j e t  
dawnstream of the t r a i l i n g  edge by use of the  measured trailing-edge veloci ty  
r a t io .  
equal t o  those fo r  the i so la ted  engine exhaust j e t  rotated through the  f l a p  
deflection angle. This r e s u l t  had been indicated i n  figure 16 of reference 
34 where OASPL d i r e c t i v i t i e s  were plot ted fo r  several  f l a p  deflections.  
mum OASPL above the deflected exhaust j e t  but below the  horizon, a t  7 5 O  f l a p  
deflection, was approximately equal t o  tha t  below the  exhaust j e t  a t  8 O ,  400, 
and 7 5 O  f l ap  deflection. I n  contrast ,  nominal half-scale (reference 38) and 
small-scale (references 35-37 ) upper surface blowing models with unheated 
compressed-air exhaust j e t s  were about 10 dB louder a t  direct ions above the 
deflected exhaust than below it. This difference i n  OASPL d i r ec t iv i ty  i s  
believed t o  have been caused by the  deflector shape used with the fu l l - sca le  
configuration. 
hot or cold exhaust j e t s  tes ted  a t  NASA Lewis Research Center have been found 
t o  scale  well. 

Quadrupole OASPL beneath the deflected j e t  
This method and the NASA ANOPP method 

The 9 dB er ror  

That i s ,  spectrum levels  a t  frequencies above roughly 2000 Hz are 

Maxi- 

Data for  geometrically similar large and small EBF models with 

Spectra fo r  120' measurement angle and the s l o t  nozzle with short  f l a p  
are  plot ted i n  f igure 74(f) .  They were underestimated about 2 dB over most 
of the frequency range by the method investigated here. Maximum one-third- 
octave leve ls  a t  low frequencies were underestimated by a larger  increment. 
The NASA ANOPP method gave predictions tha t  were about 9 dB too low. 
small-model data were about 6 dB l a w  above 500 Hz frequency. 
r a t e  was smaller than f o r  directions fur ther  upstream and agreed with t h a t  for  
fu l l - sca le  data. 

Scaled 
Their decay 
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(a) UPPER SURFACE BLOWING, 90 DEFLECTION 

(b) UNDER THE WING, 90 DEFLECTION 

(e) UNDER THE WING, 30° DEFLECTION 

FIGURE 2- NOZZLE AND DEFLECTED NACA 0018 AIRFOIL POSITIONS 
SIMULATING EXTERNALLY BLOWN FLAPS. 34 SCALE 
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FIGURE 3- INTERPRETATION OF CROSSCORRELATIONS BETWEEN EXTERNALLY BLOWN 
FLAP SURFACE PRESSURES AND FAR FIELD ACOUSTIC PRESSURES 
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DELAY TIME, MILLISCEONDS 
(b) 80% CHORD 

FIGURE 4- CROSSCORRELATIONS OF AIRFOIL UPPER AND LOWER SURFACE PRESSURE 
SiGNALS AT CONSTANT CHORD FOR UNDER-THE-WING, 90DEFLECTION. 
LOWER SURFACE DELAYED RELATIVE TO UPPER SURFACE 
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FIGURE 15 - LONG-CtiORD U JDER-TH E-W I F-G EXTERN L B OWN 
FLAP INSTALLATION FOR MEASUREMENT OF FORWARD 
FLIGHT EFFECTS 
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